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ABSTRACT
The United States imports more seafood than any other country in the world. Supporting
the development of a sustainable aquaculture industry will allow the United States to meet
domestic seafood demand and compete in international markets. However, conventional
aquaculture production methods such as pond and net pen systems are limited in capacity to meet
the market demands for variety and local production. Instead, recirculating aquaculture systems
(RAS) are a promising option for domestic aquaculture expansion. RAS is a controlled
environment agriculture production model which is location-independent, offers significant water
conservation, and optimizes environmental conditions to maximize fish production year round.
Similar to other animal agriculture production facilities, RAS effluents must be treated to prevent
pollution in waterways, but the cost of effluent treatment is a primary obstacle for expanding the
RAS industry in the United States. Terrestrial animal agriculture producers are able to offset
operating costs through the re-utilization and monetization of manures as a fertilizer for land-based
crops. Similarly, RAS effluents contain the nutrients required for plant production. However, the
high water content of RAS effluents makes the treated waste stream better suited for reuse as a
fertilizer in hydroponic cropping systems. The development of a naturally-derived fertilizer from
RAS effluents would benefit the hydroponic industry by creating a circular nutrient economy,
reducing reliance on finite mineral reserves currently used to make nutrient salts, and by enabling
USDA Organic certification for producers to increase crop value and profit margins.
Highly dissolved plant essential macro- and micro-nutrients and low amounts of total
organic carbon are two essential characteristics for a successful hydroponic nutrient solution.
Additional treatment is required to mineralize particulate-bound nutrients and remove organic
carbon before RAS effluent can be a viable hydroponic nutrient solution. Microbial digestion is a

x

commonly used treatment method to mineralize solids and remove organic carbon in municipal
and terrestrial agriculture wastes. Using both aerobic and anaerobic microbial digestion treatment
methodologies, the objectives of this research were to 1) characterize nutrient mineralization of
RAS effluent, 2) characterize organic carbon mass reduction, 3) and evaluate the microbiallytreated effluent relative to commercially available hydroponic nutrient solutions. The effluent from
a pilot-scale RAS was collected and analyzed to develop a nutrient profile and to determine organic
carbon concentrations before and after anaerobic and aerobic treatment in batch reactors.
Bioreactors were operated until stabilization was observed in total suspended solids (TSS)
concentrations. An evaluation of the nutrient profile and organic carbon concentrations before and
after microbial digestion was used to determine the viability of developing a naturally-derived
hydroponic nutrient solution from RAS effluent. Results indicated that both treatment methods
significantly mineralized particulate-bound nutrients in RAS effluent and successfully reduced
organic carbon concentrations. Anaerobic treatment resulted in a 76% reduction in the TSS
concentration and a 47% reduction in the organic carbon concentration of the effluent. After
anaerobic treatment, the percent of the total concentration that was dissolved increased by a factor
of 3.13 for phosphorus, 1.36 for calcium, and 1.24 for manganese. Aerobic treatment resulted in a
62% reduction in the TSS concentration of the effluent. After aerobic treatment, the percent of the
total concentration that was dissolved increased by a factor of 1.39 for phosphorus, 1.22 for
aluminum, and 1.10 for boron. A significant degree of denitrification was observed in the
anaerobic treatment. As a result of denitrification, the nutrient ratios of the anaerobically treated
effluent were different than the nutrient ratios of the aerobically treated effluent. The mass
reduction of nitrogen via denitrification must be considered when determining which treatment
method to use to meet the nutrient needs of a specific crop. RAS waste treatment systems must
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maximize plant-available nutrient mass while reducing the mass of dissolved organic carbon
(DOC). Additional research is needed to optimize bioreactor operating parameters and to support
the development of a two-stage effluent treatment system employing both anaerobic and aerobic
treatment processes to capitalize on the benefits of both treatment methods.
This research provides a framework for future research focusing on the optimization of RAS waste
treatment for use in hydroponic cropping systems.
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CHAPTER 1
THE DEVELOPMENT OF A CIRCULAR NUTRIENT ECONOMY IN THE
CONTROLLED ENVIRONMENTAL AGRICULTURE INDUSTRY
1.1. Controlled Environmental Agriculture
Greenhouse hydroponic production and land-based recirculating aquaculture systems
(RAS) are two prominent controlled environment agriculture (CEA) food production methods.
Hydroponics is a crop culture technique commonly used in greenhouse-based production systems
where roots are free floating in water or supported by soilless substrates (Resh, 2012). Greenhouse
production allows for environmental conditions such as temperature, humidity, and lighting to be
controlled for maximum yield in specific crops (Resh, 2012). Greenhouse CEA facilities can result
in a faster growth rate at higher densities than traditional field agriculture, provide year-round
production, and can be located in any region with the infrastructure to supply the required electrical
demands (Treftz and Omaye, 2015). Current and future limitations to the greenhouse hydroponic
industry include the lack of United States Department of Agriculture (USDA) Organic certification
to increase crop value and the reliance on depleting reserves of mined minerals for fertilizer
solutions (Crowder and Reganold, 2015).
Aquaculture is the farming of aquatic species (Timmons et al., 2018). Land-based RAS is
an intensive fish production method focused on optimizing fish growth rate and stocking density
by maintaining ideal water quality parameters (Timmons et al., 2018). Sophisticated water
treatment methods allow for more then 99% of total system water volume to be re-used on a daily
basis and, like greenhouse hydroponics production, RAS can provide year-round, fresh seafood to
any location with the infrastructure to meet its operational demands (van Rijn, 1996; Gelfand et
al., 2003). While the rapid removal of waste from a RAS system allows for increased water re-use
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rates, treating and disposing of the captured wastes adds to the overall operating costs that limit
industry expansion (Miller and Semmens, 2002; Tsani and Koundouri, 2018). A waste treatment
system that generates a product to serve as a naturally-derived hydroponic nutrient solution from
discharged RAS waste would benefit both industries. Farmers in the RAS industry would be able
to offset operation costs through waste monetization and hydroponic farmers could increase
produce value through USDA organic certification while creating a circular nutrient economy
independent of finite mineral reserves currently used to create crop fertilizers (USDA NRCS,
2013; Henckens et al., 2016).
1.2. Aquaculture Industry Overview

Over the past decade, employment in the capture fishing industry has plateaued and
overfishing has reduced wild populations of many high value fish species (FAO, 2018). Recent
projections indicate that several decades of conservation are needed to have even minimal impact
on population recovery (Hutchings and Reynolds, 2004). Hutchings and Reynolds (2004)
examined over 230 marine fish species and found that over half of the populations had declined
by over 80% during the study period. Capture fishing of wild populations will not be able to meet
the demand for seafood at a domestic or global level.
Aquaculture currently supplies 10 percent of the world’s protein, and is one of the fastest
growing food production industries (FAO, 2018). The United States is the world’s largest importer
of seafood and needs to develop a profitable and environmentally sustainable aquaculture industry
to meet domestic demands and compete in international markets. Primary aquaculture methods
include net-pen, raceway, and RAS. Net-pen aquaculture utilizes marine cages to produce large
quantities of fish. These cages are often kept offshore or in river tributaries (Tovar et al., 2000;
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Huiwen and Yinglan, 2007). Net-pen aquaculture benefits from the ability to keep fish in their
natural or preferred habitat to maximize growth and rely on ecosystem services to provide
favorable environmental conditions (Naylor et al., 2005; Huiwen and Yinglan, 2007). Net-pens
are a proven method for fish production and are used world-wide to meet seafood demands.
However, issues including marine and freshwater eutrophication caused by concentrated fish
waste, detrimental effects of escaped net-pen fish on wild fish populations, and parasite outbreaks
in penned populations have diminished public perception of net-pen aquaculture and resulted in
increased government regulation regarding waste management (Tovar et al., 2000; Naylor et al.,
2005; Huiwen and Yinglan, 2007).
Raceway aquaculture is characterized by flowing water through a channel or trough for
fish culture (Masser and Lazur, 1997). Advantages of raceway culture over net-pen aquaculture
include greater control over water quality parameters, higher stocking densities, and easier
harvesting (Masser and Lazur, 1997; Funck et al., 2019). The single use of water in the flowthrough design of raceway aquaculture results in large volumes of water required to operate the
system and large volumes of waste discharged (Funck et al., 2019). Similar to net-pens, raceway
systems release large masses of waste into the environment causing eutrophication and other
negative impacts in natural waterways (Funck et al., 2019). Net-pen and raceway aquaculture have
an important role in global seafood production. However, the increased control of water quality
conditions, high system water re-use, and location independence of RAS are ideally suited for
process optimization and integration with other CEA methods and is the aquaculture method of
focus for the remainder of this review.
1.3. Recirculating Aquaculture System Design
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A RAS design is comprised of different unit processes, with each unit providing a specific
function for fish growth and system productivity (Losordo et al., 1999). The ability to optimize
each component individually contributes to the overall efficiency and economic viability of RAS
(Losordo et al., 1999; Timmons et al., 2018). Basic unit processes found in RAS include culture
tanks for fish rearing, a waste removal system, a biofilter for nitrification, and a pumping station
for continuous water recirculation (Losordo et al., 1999). The basic components of a RAS are
shown in Error! Reference source not found.-1. A simple way to describe the function of each
unit process in RAS is to follow the flow of feed, waste production, waste removal, and culture
water treatment.

Figure 1-1. Basic components of a RAS. Fish culture tank water flows to the solid waste removal
component. Solid waste is removed from the system and discharged into municipal treatment
facilities or natural waterways. Culture water flows to the pump sump where it is recirculated to
the biofilter for nitrification before fully treated water is returned to the fish culture unit.
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Feed enters the system in the fish culture tanks. Tanks are sized to meet fish population
stocking densities and are constantly aerated to provide sufficient dissolved oxygen (DO).
Maintaining required DO concentrations is a primary limiting factor to fish stocking density in
RAS, and DO concentration can be negatively affected by the accumulation of organic carbon rich
waste that includes uneaten feed and fish feces (Masser et al., 1999). Efficient waste removal from
the fish culture unit is vital for ensuring fish health and overall system productivity. There are
multiple methods to ensure that waste flows out of the fish culture unit. Common characteristics
between methods include a circular water flow in the fish culture unit to push waste into a drain at
the center and bottom of the tank (Losordo et al., 1999). After being removed from the fish culture
unit, solid waste effluent is separated from culture water and removed entirely from the system.
The effluent waste is removed from the system immediately after flowing out of the fish
culture unit. Rotating mechanical micro-screens or granular media filters are commonly used for
physical filtration of solid particulates that make up the effluent (Losordo et al., 1999). After solids
removal, the clear culture water is biologically treated to transform compounds lethal to fish,
primarily ammonia, into nontoxic derivatives. Dissolved ammonia (NH3/NH4+), which is excreted
through fish gills, is lethal to fish and can cause stunted growth and tissue damage in concentrations
as low as 0.02 mg/L (Losordo et al., 1999; Timmons et al., 2018). A microbial biofilter is used to
convert NH3/NH4+ into nitrate (NO3-), a process called nitrification, which is safe for fish at
significantly higher concentrations (Losordo et al., 1999). Maintaining a proper microbial
ecosystem is essential to ensure complete NH3/NH4+ conversion (Losordo et al., 1999). Effective
solids removal prior to biofiltration is essential to remove organic carbon. Fast-growing
heterotrophic bacteria that consume organic carbon can outcompete nitrifying bacteria and prevent
successful biofilter operation (Losordo et al., 1999). Removal of waste and efficient conversion of
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NH4+ to NO3- allow RAS to reuse over 99 percent of its water volume on a daily basis (Gelfand et
al., 2003). In RAS, water conservation with high fish stocking density and growth rates is
combined with optimization potential for each unit process. This allows RAS producers to meet
specific needs of a fish species, and sets RAS apart from other forms of aquaculture in regards to
suppling location-independent fresh seafood at domestic or international level (Badiola et al.,
2012).
1.4. Current Limitations to Commercial RAS Success
Efficient waste removal is required to maintain ideal RAS operating conditions. Effluent
from RAS is traditionally discharged into natural waterways or sent to municipal wastewater
treatment systems (Miller and Semmens, 2002; Tsani and Koundouri, 2018). The effluent must be
treated prior to discharge to meet guidelines established by the United States Environmental
Protection Agency (EPA) (EPA, 2004). Solid wastes in RAS effluent contain high concentrations
of nitrogen (N), phosphorus (P), total organic carbon (TOC), biochemical oxygen demand (BOD)
and chemical oxygen demand (COD) (Guerdat et al., 2011; Guerdat et al., 2013). Untreated RAS
effluent can cause eutrophication and negatively impact natural aquatic ecosystems (EPA, 2004).
Effluent treatment costs, whether by in-house treatment and discharge or by disposing of waste to
municipal treatment plants, is a limiting factor for the expansion of the RAS industry (Miller and
Semmens, 2002; Sharrer et al., 2010; Tsani and Koundouri, 2018). Current effluent treatment
strategies force RAS producers to internalize the cost of treatment, effectively increasing breakeven operating costs resulting in increased prices for consumers and decreased profit margins for
producers.
Adopting a capture and re-use effluent management model based on the terrestrial animal
agriculture industry would allow RAS producers to monetize their effluent stream. Terrestrial
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animal agriculture farmers are able to offset production cost by selling waste as a field crop
fertilizer (USDA, NRCS). The moisture content is the primary difference between RAS effluent
and terrestrial agriculture waste. Moisture content in terrestrial animal agriculture waste is
approximately 80 percent, while RAS effluent may have a moisture content that exceeds 95 percent
(Sharrer et al., 2010; Timmons et al., 2018). Research has shown that RAS effluent contains the
macro- and micro-nutrients required to grow plants, but the high moisture content may not be
conducive to field application due to the hydraulic loading limitation of soils (Guerdat et al., 2013;
Sharrer et al., 2010). A cropping system using a liquid fertilizing solution would allow for the most
direct utilization of RAS effluent.
1.5. Hydroponic Industry Overview

Controlled greenhouse conditions allow producers to grow crops regardless of season and
in a smaller land area than traditional field agriculture (Resh, 2012). Location independence, yield
to cropping area ratio, and significantly less water required when compared to field agriculture has
made hydroponic production popular in urban settings to provide a constant supply of fresh
produce (Lages Barbosa et al., 2015). Operating costs associated with lighting, heating, and other
environmental controls can make hydroponic greenhouses expensive to run but producers are still
finding a market for hydroponically-grown produce (Treftz and Omaye, 2015). In 2014, the United
States hydroponic industry sold approximately 500 million USD worth of produce and, based on
the growing global population, the demand for agricultural products is expected to grow up to 70%
by 2050 (Hunter et al., 2017). Depletion of mineral reserves, including phosphorus and iron, used
in fertilizer production are also projected to negatively affect the agriculture industry in the coming
decades and further complicate supplying food to a growing population (Henckens et al., 2016;
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Yogev et al., 2017). Since shortages of mineral-based fertilizers occur, the hydroponic industry
will benefit by reducing its reliance on this dwindling resource.
Organic certification from the United States Department of Agriculture (USDA) would
also help hydroponic growers increase the value and demand of a crop. Allowing USDA organic
certification for hydroponically grown produce has been debated, and reversed back and forth, for
several decades (Morath, 2018). One argument against certification is that nutrients in traditional
chemical hydroponic fertilizers are not organically derived and recycled from biological sources
(USDA, 1997). A nutrient solution derived from an organic source, similar to manures used in
terrestrial field-based agriculture, could help increase acceptance of organic certification for the
hydroponic industry. Utilizing RAS effluent would generate a hydroponic nutrient solution from
a naturally derived source and benefit both the hydroponic and RAS industries while creating a
sustainable circular nutrient economy.
1.6. RAS Waste as a Hydroponic Fertilizer

Hydroponic production relies on liquid fertilizer solutions that serve as the sole nutrient
source for the crop (Resh, 2012). Nutrient ratios in hydroponic fertilizer solutions can be
customized to meet specific crop needs, but all nutrients must be dissolved in the solution to be
accessible by plants (Crohn, 2004; Resh, 2012). In terrestrial agriculture, naturally occurring
microbes in soil mineralize particulate nutrients found in manures and allow nutrients to be taken
up by plants (Adesemoye and Kloepper, 2007). Total solids must be minimized and all nutrients
must be dissolved into solution before RAS effluent can become a viable hydroponic fertilizer.
Previous research has found that the macro- and micro-nutrients required for plant growth
are present in RAS effluent in sufficient quantities to support crop production (Seawright et al.,
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1998; Guerdat et al., 2013; Goddek et al., 2018). However, much of the total mass of certain
nutrients are bound to particulates that must be mineralized before plant utilization is possible
(Goddek et al., 2018). The nutrient presence and high moisture content make RAS effluent a
potential natural fertilizer for hydropic crops but additional treatment of the effluent is required to
develop an ideal solution to maximize plant utilization of the effluent. A treatment method
designed to mineralize particulate bound nutrients and reduce total solids is needed to develop an
organic nutrient solution from RAS effluent.
1.7. Microbial Wastewater Treatment

Domestic wastewater is biologically treated using microbial digestion to oxidize and
remove organic matter from waste. Naturally-occurring microbes use organic substrates as a
source of nutrients, energy, and carbon (Chen et al., 2008; Ersahin et al., 2011). The end product
of microbial digestion is a reduction in total solids, organic carbon, COD, and BOD, as well as the
mineralization of particulate bound nutrients (Parkin and Owen, 1986). Success of microbial
digestion in domestic wastewater treatment has led producers in the terrestrial animal agricultural
industry to begin applying microbial digestion techniques to animal waste to create a nutrient dense
fertilizer (Othman et al., 2013). For RAS producers to develop a capture and re-use waste
management strategy modeled after terrestrial animal agriculture producers, proven treatment
methods such as microbial digestion must be adapted to meet the specific requirements involved
with RAS waste treatment. Two primary types of microbial waste treatment used in the terrestrial
animal agriculture industry are anaerobic digestion (AD) and aerobic digestion. Presence of
oxygen differentiates the two treatment methods and allows the growth of specific microbial
species (Bryant, 1987; Ersahin et al., 2011). Understanding the basic biological processes of these
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microbial digestion methods will allow for optimization to meet specific requirements for treating
RAS waste.
1.8. Anaerobic Digestion Process

Obligate anaerobes grow in the absence of oxygen and can oxidize organic matter in a fourstage digestion process (Parkin and Owen, 1986; Fan et al., 2018). Hydrolysis is the first stage of
AD. During hydrolysis, water molecules and enzymes separate chemically bonded complex
organic matter such as proteins, lipids, and carbohydrates. These complex components are
hydrolyzed into simpler monomer and dimer compounds including amino acids, sugars, and short
and long chain fatty acids (Ma et al., 2018). Acidogenesis is the second stage and creates volatile
fatty acids (VFA) and intermediate products of butyrate and propionate through fermentation of
sugars and simple monomers created during hydrolysis (Anukam et al., 2019). The third stage of
the AD process is acetogenesis, which occurs after VFA formation during fermentation and is the
reduction of intermediate fermentation products into acetate, hydrogen, and carbonate (Anukam
et al., 2019). Methanogenesis is the fourth and final stage of AD and results in the oxidization of
acetate, hydrogen, and carbonate to methane (CH4) and hydrogen gas (H2). The end product of AD
is a digestate comprised of inert solids, a treated effluent with a reduced mass of solids that can
meet EPA approval for discharge into waterways, and valuable CH4 and H2 gases that can be
collected and sold or used to produce power (Anukam et al., 2019).
Environmental operating parameters must be maintained to achieve the full benefits of AD.
Maintaining an oxygen free environment is required during AD to prevent the influx of new
electron acceptors into the system and because oxygen can disrupt the biochemical pathways
utilized for enzyme production required for the reduction and oxidation processes (Botheju and

11

Bakke, 2011). Under batch conditions, waste transitions from an aerobic stage, where oxygen is
present, to an anoxic stage, where electron acceptors such as NO3- and SO42 depleted, before
reaching the anaerobic stage where digestion occurs in the absence of electron acceptors
(Tchobanoglous et al., 2014).
Obligate anaerobes are pH sensitive. The different microbes at each of the four AD stages
perform ideally at a slightly different pH levels (Cioabla et al., 2012). Targeted pH control can be
used to for optimization of specific stages of digestion but maintaining pH between 6-8 will meet
needs of the microbes across all stages (Cioabla et al., 2012). Rapid fluctuation in pH can cause
microbial death and any manual changes must be done gradually to ensure system health (Zhou et
al., 2019). Temperature range and fluctuation must also be managed during AD. Thermophilic
temperatures, above 55 oC, have been shown to result in the fastest digestion (Ge et al., 2011).
However, when making a financial decision regarding AD, the speed of digestion must be
considered against the cost of constant heating. While AD can occur across a variety of
temperatures, rapid temperature change can cause reduced digestion efficiency or system death
(dos Santos et al., 2018; Anukam et al., 2019). When operated correctly, AD is a cost-efficient and
effective treatment option for wastes with high organic contents.
1.9. Aerobic Digestion Process

Organic waste is oxidized during aerobic digestion through heterotrophic microbe aerobic
respiration (Samer, 2015). Unlike obligate anaerobes, obligate aerobes require oxygen to support
biochemical pathways for enzyme production (Samer, 2015). Microbial populations have four
phases of growth under batch conditions (Maier et al., 2009). The extent of these phases is
dependent on the amount of organic matter available to serve as terminal electron acceptors and
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nutrient availability to support other cellular functions (Maier et al., 2009). Lag phase is the first
phase of microbial growth (Tchobanoglous et al., 2014). Little growth occurs during the lag phase
as cells are physiologically adapting to the new growing conditions in the reactor (Maier et al.,
2009). The exponential phase is the second phase of microbial growth, and is the phase with the
highest growth rate (Maier et al., 2009). During the exponential phase, cells have become adapted
to the environmental conditions and there is an abundance of organic matter in the waste for the
cells to consume (Maier et al., 2009). The microbial population will grow at an exponential rate
until the organic matter serving as an energy source or the availability of essential macro- and
micro-nutrients becomes a limiting factor (Maier et al., 2009). Once there is not enough organic
matter to support exponential growth, the stationary phase begins. The stationary phase is the third
growth phase. This steady state phase is characterized by a cell growth rate that is equal to the cell
death rate (Maier et al., 2009). Eventually, the organic matter becomes more limiting and the fourth
growth phase begins. The death phase is the final phase of microbial growth, and begins once the
death rate of cells is greater than the growth rate (Maier et al., 2009).
An aerobic waste treatment system operated as a batch reactor will experience each of the
above phases of microbial growth. Without new influent to be treated or drainage of treated
effluent, the death phase is inevitable and continuous reactor operation is not possible. The
microbial growth phases are managed to ensure the most complete digestion of organic wastes is
achieved (Tchobanoglous et al., 2014). Flow-through aerobic reactors are managed to maintain
steady state operation (Tchobanoglous et al., 2014). This steady state is achieved by the balancing
of the dilution rate and the potential growth rate of the microorganisms in the reactor, and it ensures
that an appropriate number of microbes are present and constantly dividing to oxidize organic
wastes (Maier et al., 2009). Additionally, as some cells die and lyse, a sub phase called the
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endogenous phase occurs simultaneously with the exponential phase (Maier et al., 2009). During
the endogenous phase, dead and lysed cell tissue is aerobically oxidized to carbon dioxide (CO2),
water (H2O), and nitrate-nitrogen (NO3-) (Maier et al., 2009). A properly maintained aerobic
reactor results in reduced TOC and TSS concentrations and an increase in dissolved nutrient
concentrations (Bryant, 1987).
Similar to AD, the aerobic digestion process can be significantly affected by rapid changes
in reactor temperature, pH, or DO (Ugwuanyi et al., 2005). The temperature requirements of
aerobic digestion are comparable to those of AD (Ugwuanyi et al., 2005). While treatment is most
rapid in the thermophilic temperature range above 55 oC, digestion can occur at lower temperatures
(LaPara and Alleman, 1999; Habermacher et al., 2016). Reactors can be operated at ambient
temperatures to decrease operating costs associated with heating. Similarly, the pH during aerobic
digestion can be maintained at various levels and it is the rapid fluctuation in pH that is harmful to
the aerobic microbes (Ugwuanyi et al., 2005). A constant supply of oxygen is needed to support
the aerobic microbes and facilitate aerobic digestion (Tchobanoglous et al., 2014). Aerobic
reactors are considered easier to operate and less prone to disruption than anaerobic reactors. The
cost of constant aeration required for aerobic digestion can increase the overall cost of treatment
when compared to AD and the production of TSS as a by-product of aerobic treatment can result
in additional waste removal requirements (Del Pozo & Diez, 2003; Maier et al., 2009). The cost
of treatment versus the ease of operation is an important consideration when determining which
treatment method should be used.
1.10. Microbial Digestion of RAS Effluent for Re-use as a Hydroponic Solution
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Published research on the microbial digestion of RAS effluent for reuse as a hydroponic
fertilizing solution is limited and this review cover the most recent and relevant publications to
date (Monsees et al., 2017; Delaide et al., 2018; Goddek et al., 2018). Monsees et al. (2017)
evaluated microbial digestion as a treatment option for effluent from a combined hydroponic and
RAS (aquaponic) facility. The nutrient mass of nine macro- and micro-nutrients was measured in
the effluent prior to treatment. All of the nutrients were present in the effluent, but a fraction of
each nutrient’s mass was present in particulates and unavailable for uptake by plants without
additional treatment. Lab-scaled anaerobic and aerobic reactors were used to treat the effluent. The
anaerobic treatment was conducted for eight days and aerobic treatment was run for fourteen days.
Both treatment methods significantly increased the amount of the total mass of specific nutrients
that was dissolved in the effluent. However, the anaerobic treatment significantly reduced the mass
of TN in the treated effluent. Monsees et al., (2017) recommended aerobic digestion as the better
treatment option for developing a hydroponic fertilizer due its ability to increase total nutrient
availability for plant uptake and retention of nitrogen.
Potential areas of refinement for future experiments that can be gained from this study
include increasing the length of treatment time and increasing the monitoring of the biological
activity occurring within the reactors. The anaerobic treatment in Monsees et al., (2017), was run
for only eight days while the aerobic treatment was run for fourteen. Matching the length of
anaerobic treatment time to the aerobic treatment time would provide of more accurate comparison
of the nutrient mineralization capabilities of both treatments. Additionally, oxidative reduction
potential (ORP) was not measured in either treatment method throughout the experiment.
Electrical charges from ions provide ORP measurements and correspond to biological activities
such as nitrification and biological sulfur removal (Gerardi, 2007). Wastewater treatment plants
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worldwide routinely measure ORP to determine the rate and extent of waste treatment (Zhang et
al., 2020). Managing ORP in the microbial digestion of RAS effluent would allow for greater
control and consistency in the treatment process by providing information on nutrient reduction,
available electron acceptors, and stabilization of microbial activity.
Goddek et al. (2018) conducted on experiment on the anaerobic digestion of RAS effluent
using up-flow anaerobic sludge blanket (UASB) reactors. The effect of reactor pH on nutrient
mineralization and organic carbon reduction was determined. It was determined that a pH between
5.5 and 6.0 was ideal for nutrient mineralization, but that a more neutral pH between 6.5 and 7.0
resulted in better organic carbon removal. Goddek et al. (2018) recommended a multi-stage AD
process for pH control to optimize nutrient mineralization and organic carbon reduction.
Potential areas of refinement for future experiments that can be gained from this study
include adopting routine ORP monitoring and a more targeted approach for measuring organic
carbon. Similar to Monsees et al. (2017), ORP was not reported throughout the experiment and
routine measurements would allow for additional insight into if, and when, specific biological
reactions were occurring in the reactors. Goddek et al (2018) reported organic carbon reduction
in terms of total solids, COD, and cellulose reduction. Reporting change in organic carbon in terms
of TOC and DOC would provide more insight into the treatment process. Carbon is essential for
the reactions occurring during both anaerobic and aerobic digestion, and the ratio of carbon to
nitrogen (C:N) is a parameter used to identify if there is enough carbon and nitrogen in the waste
for optimum AD to occur (Hills, 1979). Without measuring TOC and total nitrogen (TN), the C:N
ratio of RAS effluent cannot be determined. Additionally, the mineralization of carbon during
treatment must be considered when evaluating the treated effluent as a hydroponic fertilizing
solution. Measuring DOC in the treated effluent would indicate how much of the remaining
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organic carbon would be remain in the treated solution and effect ability of the final product to
serve as a hydroponic fertilizing solution.
1.11. Future Research Needs

A more controlled evaluation of the treatment of RAS effluent using anaerobic and aerobic
digestion for reuse as naturally derived hydroponic fertilizing solution can be designed to address
the present gaps identified in recent published work (Monsees et al., 2017; Delaide et al., 2018;
Goddek et al., 2018). Goddek et al (2018) did not account for the effect of treatment on the final
DOC concentration or the C:N ratio of the initial RAS effluent. Final DOC concentrations effect
the potential of the effluent as a hydroponic fertilizing solution by increasing biofilm and pathogen
potentials, and the C:N ratio provides insight into the suitability of the effluent for microbial
digestion (Hills, 1979; Yaron & Römling, 2014). Neither Monsees et al. (2017) and Goddek et al.
(2018) provided the specific TOC concentration or mass that was removed as a result of microbial
treatment. Additionally, neither study reported ORP measurements throughout their experiments,
which would provide insight into the specific biological reactions occurring within the reactors
(Gerardi, 2007). Consistent ORP monitoring would provide increased control over the treatment
process as fluctuations in ORP could identify the occurrence of specific in situ biological reactions
and the stability of ORP could serve to indicate a diminished level of biological activity and the
completion of the digestion process.
A lab-scaled experiment using batch reactors would address these knowledge gaps in the
current literature and allow for scaled-up evaluations for larger operations. Accounting for the C:N
ratio of the initial RAS effluent, TOC reduction, effect of treatment on the final DOC
concentration, and routine ORP monitoring would provide a more accurate assessment of the
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microbial digestion of RAS effluent for reuse as a hydroponic fertilizer than any currently publish
work. Determining the degree and rate of nutrient mineralization in RAS waste under anaerobic
and aerobic batch conditions is the first stage in developing a flow-through treatment method that
can be applied at the commercial scale.
1.12. Conclusions
Optimization to the CEA industry is required to meet the food production demands of the
near future (Hunter et al., 2017). Hydroponics and RAS are two prevalent CEA methods that can
provide location independent produce and protein are greater yields than traditional agricultural
methods (Resh, 2012; Timmons et al., 2018). The economic success of both industries is currently
limited by high operating costs (Miller and Semmens, 2002; Treftz and Omaye, 2015). The
hydroponics industry is additionally facing mineral shortages for the production of fertilizing
solutions (Henckens et al., 2016). The development of a naturally-derived hydroponic nutrient
solution from RAS effluent would benefit both industries. The sale of treated effluent would offset
production costs for RAS farmers and the hydroponic industry would be able to further justify
USDA organic certification to increase crop value. A capture and re-use RAS effluent management
strategy would also create a circular nutrient economy to reduce hydroponic dependence on
depleting mineral reserves.
Microbial digestion is a commonly used waste treatment method in the municipal and
agricultural sectors. Research has begun transitioning this method to RAS effluent treatment with
the specific purpose of developing a hydroponic fertilizing solution (Goddek et al., 2018).
Continued improvement to microbial digestion reactor monitoring, TOC reduction, and nutrient
mineralization are needed before any treatment method can be applied at the commercial-scale to
effectively develop of natural hydroponic nutrient solution from RAS effluent.
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CHAPTER 2
ANAEROBIC MINERALIZATION OF RECIRCULATING AQUACULTURE DRUM
SCREEN EFFLUENT FOR USE AS A NATURALLY-DERIVED FERTILIZER IN
HYDROPONIC CROPPING SYSTEMS
2.1. Introduction
Global aquaculture has increased by 5.8% over the past decade, while employment in the
capture fishing industry has dropped by 15% since 1990 (Moffitt and Cajas-Cano, 2014; FAO,
2018). One fifth of the world’s protein is supplied by fish, half of which is produced through
aquaculture (FAO, 2018). The United States is the world’s largest importer of seafood, while
ranking only 15th in overall seafood production (Moffitt and Cajas-Cano, 2014). The United States
needs to develop an environmentally and economically sustainable aquaculture industry to meet
domestic demand and compete in international markets.
Land based recirculating aquaculture systems (RAS) are a promising option to enhance the
aquaculture industry and provide fresh seafood in non-coastal regions due to their location
independence and water conservation (van Rijn, 1996; Gelfand et al., 2003). A well-maintained
RAS typically reuses more than 95% of the system volume on a daily basis by utilizing effective
waste treatment methods (Timmons et al., 2018). Mechanical micro-screen drum and bead or sandbased filters are commonly used for removal of wastes which contain high concentrations of
organic carbon (OC) and nutrients (Cripps and Bergheim, 2000; Malone and E. Beecher, 2000).
The rapid removal of waste allows for high rates of water reuse that set RAS apart from other
forms of aquaculture. However, operating costs associated with treating and discharging captured
waste effluent prevent RAS from achieving greater commercial success (Miller and Semmens,
2002; EPA, 2004; Sharrer et al., 2010; Tsani and Koundouri, 2018).
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Adopting a capture and re-use waste management system similar to that utilized by
terrestrial animal agriculture producers would allow RAS growers to turn the effluent into a
commodity. Effluent treatment costs are typically internalized and result in decreased profit
margins for growers and increased prices for consumers (Sharrer et al., 2010; Turcios and
Papenbrock, 2014; Goddek et al., 2019). Terrestrial animal agriculture producers are able to offset
production costs by selling manure as a crop fertilizer (USDA NCRS, 2013). While RAS effluent
contains all of the nutrients required for plant growth, the high moisture content of the effluent is
not conducive to field application prior to thickening (Sharrer et al., 2010). Effluent from RAS can
be thickened to reduce moisture content, however, costs associated with this process make it
difficult to monetize the waste stream (Sharrer et al., 2010). Due to its high moisture content, a
RAS-based fertilizer solution would be more applicable to hydroponic cropping systems than landbased agriculture.
Plants grown hydroponically do not use soil to support the root zone and require liquid
fertilizer solutions as the nutrient source for roots that are either floating in water or supported by
soilless substrates (Resh, 2012). Hydroponic fertilizer solutions are optimized to meet the specific
nutrient needs of individual crops and contain little or no OC, which can increase disease potential
by fostering growth of pathogenic bacteria (Resh, 2012; Goddek et al., 2018). Nutrient salts in
hydroponic fertilizers must be fully dissolved in order to be utilized by plants (Crohn, 2004;
Adesemoye and Kloepper, 2007). In terrestrial agriculture, naturally occurring microbes in soil
mineralize particulate-bound nutrients found in manures and allow nutrients to be taken up by
plants (Eghball et al., 2002). Preliminary studies have shown that much of the nutrients in RAS
effluent are bound in particulate form and cannot be immediately accessed by plants (Schneider et
al., 2005; Guerdat et al., 2013; Goddek et al., 2018). Additional treatment of solid RAS waste is
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required to remove total organic carbon (TOC), reduce total suspended solids (TSS) and mineralize
any particulate-bound nutrients before the effluent can become a viable fertilizing option in the
hydroponic industry. Development of a naturally-derived nutrient solution from RAS effluent
would benefit both aquaculture and hydroponic industries by offsetting operating cost associated
with RAS waste management, enhancing produce value by meeting USDA requirements for
organic crop certification, and developing a circular nutrient economy that is not reliant on finite
reserves of mined minerals (Schneider et al., 2005; Henckens et al., 2016; Yogev et al., 2017). For
capture and reuse waste management to be successfully adapted to the RAS industry, waste
treatment processes from terrestrial animal agriculture must also be adapted to treat RAS effluent.
Anaerobic digestion (AD) is a commonly used process for agricultural and municipal
wastewater treatment where natural metabolic processes of bacteria are used to breakdown organic
matter (Chen et al., 2008; Ersahin et al., 2011). The goal for AD is a reduction in TOC, biochemical
oxygen demand (BOD) and TSS (Parkin and Owen, 1986; Horan et al., 2018). The success of a
municipal waste treatment method is determined by the extent to which solid wastes are reduced
and by the method’s capacity for removing other targeted contaminants (Tchobanoglous et al.,
2014). Goddek et al. (2019) states that the success of solid waste treatment methods with the
intention of creating a hydroponic nutrient solution must also be measured by the ability to
mineralize particulate-bound nutrients. The optimization of existing AD methods could allow for
the specific treatment of converting RAS effluent into a naturally-derived hydroponic nutrient
solution.
Several studies have characterized the nutrient profile of RAS effluent (van Rijn, 1996;
Chen et al., 1997; Guerdat et al., 2013). However, there is little published research regarding
nutrient concentrations, nutrient availability for plants, or effect of AD on nutrient mineralization
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for effluent from a coupled hydroponic and RAS production (aquaponic) facility (Monsees et al.,
2017; Delaide et al., 2018; Goddek et al., 2018). Additionally, none of the studies cited above
reported the change and stabilization of the oxidative reduction potential (ORP) of the reactors
used to mineralize the nutrients. Specific oxidation and reduction (redox) reactions occur within
known ORP ranges (Gerardi, 2007). Electrical charges that form ions in wastewater are measured
and can provide ranges that correspond with biological activities important to AD such as
nitrification, denitrification, and biological sulfur removal (Dabkowski, 2006; Gerardi, 2007).
Domestic wastewater treatment plants worldwide use ORP as parameter to measure the extent and
rate of biological reactions in waste treatment processes (Zhang et al., 2020). Adopting ORP
monitoring into the control of AD for particulate-bound nutrients in RAS effluent to be re-used as
a hydroponic fertilizer would provide additional control and consistency in the treatment process.
Fluctuations in ORP would potentially demonstrate the occurrence of specific in situ biological
reactions, and ORP stabilization over time would imply a lack of biological reactions occurring
and indicate treatment completion.
The objectives of this research were to determine the total concentration and plant
availability of nutrients found in aquaponic effluent and to characterize the degree of nutrient
mineralization achieved by AD in lab-scaled batch reactors. Secondary goals included comparing
the nutrient profile of the treated effluent against recommended hydroponic nutrient needs and
identifying optimization opportunities to refine the AD process for nutrient mineralization. The
anaerobic microbial treatment of the effluent was expected to reduce total organic carbon (TOC),
increase the percent of the total nutrient mass dissolved into the treated solution, and decrease the
total suspended solids (TSS).
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2.2. Materials and Methods
This project was conducted using effluent from the co-production of tilapia and hydroponic
lettuce in the University of New Hampshire (UNH) Kingman Farm Recirculating Aquaponic
Research Greenhouses (KFRAG) located in Madbury, New Hampshire, USA (see Figure 2-1).
The UNH Kingman Farm is part of the New Hampshire Agricultural Experiment Station
(NHAES). The KFRAG consists of three replicated greenhouses, each constructed and operated
identically for the purpose of generating research data at the farm-scale. The facilities were
operated under actual production conditions at feeding and waste production rates commensurate
with industry feeding and waste production rates. The UNH KFRAG systems were in operation
for at least 365 days prior to collecting samples for analysis and were operating under pseudosteady-state conditions. For this study, pseudo-steady-state operation was achieved when all
change in the system was due to the consistent and planned growth and harvest of fish and plants,
and not due to any mechanical failures or other unexpected circumstances.
2.2.1. Aquaponic Facility Description
The Recirculating Aquaponic Greenhouses are a replicated coupled aquaponic research
facility (Error! Reference source not found.). Each recirculating aquaponic system was housed
in an 11.0 x 14.6 m high tunnel greenhouse (Nor’Easter Series, Rimol Greenhouse Systems,
Hookset, NH, USA), and was covered using polycarbonate. The recirculating systems consisted
of a single 3,000 L fish culture tank, a rotary drum screen filter (PR Aqua model RFM2014) fitted
with 54 micron screens, one 1,300 L mixed media bed bioreactor (MBBR) used for nitrification,
a 200 L pumping reservoir, a 300 L standpipe well, and three 12.6 m2 deep water raft (DWR)
hydroponic growing tables used for hydroponic lettuce (Lactuca sativa) production (see Figure 1).
The combined system volume was 15,000 L. The only nutrient supplementation made to the
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system were daily additions of potassium carbonate (K2CO3) for biofilter management and a
chelated diethylemetriamine pentaacetic acid (DTPA) iron (III) salt that was added as needed to
ensure that sufficient iron (Fe) concentrations were met in the system for optimum lettuce growth.
Tilapia (Oreochromis niloticus) were stocked at 36 kg per m3 and fed 3 mm floating feed
(Finfish Silver, 40% protein, 10% lipid, Zeigler Bros. Inc., Gardner, PA, USA). The fish were fed
1300 g/day and a constant biomass approach to maintain a consistent feed rate was used. The total
fish biomass in the culture tanks was measured bi-weekly and the number of fish in the culture
tank was adjusted to ensure that 1300 g of feed each day would provide optimum fish growth based
growth rates per DeLong et al. (2009).

Figure 2-1. A flow schematic of the recirculating aquaponic facility at the UNH Kingman Farm
Research Greenhouses located in Madbury, New Hampshire, USA. Composite samples were
collected directly from the drum screen filter effluent pipe for 72 hours under pseudo-steady-state
operating conditions.
2.2.2. Drum Screen Effluent Collection, Analysis, and Nutrient Characterization
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Collection of effluent from the farm-scale KFRAG facility operating under actual
production conditions provided effluent with comparable characteristics to the commercial
aquaponic industry. The effluent from the rotary drum screen filter was captured and stored during
a period of 72 hours for a total volume of 200 L. The collected effluent was aerated to preserve all
nitrogen and prevent microbial denitrification during the collection period. The effluent was well
mixed and then immediately sampled and analyzed. The effluent was filtered into particulate and
aqueous fractions before all analysis using 1.5-micron filters. Analysis of TSS was conducted at
the UNH Agricultural Engineering Laboratory (Method 2540D, APHA, 2012). A Fisher Scientific
Accumet AB250 (MA, USA) was used for pH measurements.
A hydroponic nutrient profile of the effluent was determined using a commercial
hydroponic fertilizer laboratory service (JR Peters Laboratory, Allentown, PA, USA). Both the
particulate and the aqueous fractions of the effluent were analyzed for six macro-nutrients,
nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), and sulfur (S) and
five micro-nutrients, Fe, manganese (Mn), copper (Cu), zinc (Zn), sodium (Na), and aluminum
(Al). The particulates analyzed were captured on the filters used to separate the particulate and
aqueous effluent fractions. Filters were dried at 110 oC for a minimum of 72 hours before being
ground and sent for analysis. Filter blanks were also dried and ground to ensure that no extraneous
nutrients were considered in the experimental analysis. Solid nutrient analysis was conducted using
combustion and an organic elemental analyzer. The filtrate consisted of the aqueous fraction of the
filtered effluent and was analyzed using inductively coupled plasma atomic emission
spectrometry. The concentration of each nutrient in the aqueous fraction of the effluent was
reported in mg/L. Nutrients dissolved in the aqueous fraction of the filtered effluent were assumed
to be plant available. Plant availability of each nutrient was determined by the percent of its total
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mass in the aqueous fraction. A hydroponic nutrient profile for the feed was also determined using
the same methodology as the particulate-bound nutrients to identify the impact of feed on effluent
nutrient characterization.
The OC and total nitrogen (TN) analyses were conducted by the United States Forest
Service’s Northeastern Forest Science Application Lab (Durham, NH, USA). Particulate and
aqueous samples were prepared in the same manner as the samples used in the hydroponic nutrient
profile analysis. Particulate samples of the effluent were analyzed for OC and TN using
combustion. The percent of C and N that made up the total mass of the particulates was reported.
Dissolved organic carbon (DOC) in the aqueous sample was analyzed using high temperature
oxidation (HTO) and total dissolved nitrogen (TDN) was analyzed using HTO with
chemiluminescent N detection as described in Merriam et al., (1996) with a Shimadzu TOC-5000
HTCO carbon analyzer (Shimadzu Scientific Instru-ments, Inc., Columbia, MD) and a Antek
720C chemiluminescent N detector (Antek Instruments,Inc., Houston, TX). The DOC and TDN
concentration in the aqueous fraction of the filtered effluent were reported in mg/L.
The drum screen effluent contained all of the RAS waste greater than 54 microns, including
nutrients in aqueous and particulate forms. The total nutrient concentration was determined as a
means for characterizing and normalizing the total mass of each nutrient in the reactor, regardless
of form, based on total nutrient mass and reactor effluent volume. The total concentration of each
nutrient, in mg/L, was calculated by totaling the particulate and aqueous nutrient masses as a
function of reactor effluent volume. The percent of the total concentration of each nutrient in the
aqueous and particulate fractions was used to determine plant availability. Nutrients dissolved in
the aqueous fraction of the effluent were assumed to be plant available.
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Particulate nutrient mass fraction results from the analysis for N, P, K, Ca. Mg were
reported as a percentage of the TSS mass and were calculated using the following equation:
𝑀𝑠𝑜𝑙𝑖𝑑𝑠,% = [𝑇𝑆𝑆] × 𝐶%

(1)

where Msolids, % is the nutrient mass for the entire reactor volume (as mg/L) for nutrients reported
as % of TSS, TSS is the concentration of the TSS of the drum screen effluent in the reactor (mg/L),
and C% is the mass of the nutrient as a percentage of the reactor TSS. Particulate nutrient mass
fraction for S, Fe, Mn, Cu, Zn, Na, and Al were reported as mg nutrient/kg TSS, and the associated
mass was calculated using the following equation:
Msolids,f =

[TSS]×Cf
Veffluent

(2)

where Msolids, f is the nutrient mass for the entire reactor volume (as mg/L) for nutrient mass
fractions reported as mg nutrient / kg TSS, TSS is the concentration of TSS in the reactor
wastewater (kg/L), Cf is the nutrient mass fraction of TSS reported as mg nutrient / kg TSS, and
Veffluent is the volume of the drum screen effluent in the reactor (L).
2.2.3. Continuously Mixed Batch Reactor Design
Anaerobic treatment of the collected effluent was conducted using 20 L high density
polyethylene (HDPE) anaerobic reactors (Error! Reference source not found.). The effluent was
continuously mixed using an externally-mounted recirculating pump (Danner Supreme Mag-Drive
190 GPH, New York, USA) that pumped from the bottom center of the reactor and recirculated
through a manifold with three equally spaced 0.64 cm outlets angled to ensure maximum
circulation in a cylindrical holding tank (Timmons et al., 2018). A one-way check valve with a
0.023 bar cracking pressure was mounted on the lid of each reactor to allow for gas ventilation
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(e.g. methane and carbon dioxide) as needed. A 1.91 cm port was positioned 2.54 cm from the
base of the reactor to allow for sampling. Two 1.91 cm ports for nitrogen gas venting were installed
in the reactor lids to allow for nitrogen purging of the headspace during sampling to prevent oxygen
infiltration.

Figure 2-2. Anaerobic reactor schematic. Effluent to be treated was circulated using a small inline
pump. Effluent was removed from the center of the reactor vessel and recirculated using a vertical
manifold to allow for even mixing and prevent settlement of solid particles. Samples were removed
from bottom port. Nitrogen gas administered and vented through top ports to prevent oxygen
infiltration during sampling events. Biogas was vented passively using a ball check valve.
2.2.4. Experimental Design
One anaerobic microbial treatment was evaluated in this study with an abiotic control to
provide a reference for microbial and physical effects of treatment. The treatment and control used
the same batch of drum screen effluent, and the anaerobic treatment and abiotic controls were each
conducted in triplicate at the same time. The anaerobic treatment was not inoculated and used only
endogenous microbes present at the time of collection. The abiotic control was dosed with 0.05%
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sodium azide (NaN3) to inhibit microbial growth and biological activity. The purpose of the control
was to confirm through comparison that anerobic conditions were met throughout the experiment
in the AD reactors. The addition of NaN3 inhibits microbial oxygen consumption, ORP reduction,
denitrification, and sulfide production, which do not occur without microbial growth and activity
(Barbot et al., 2010). Dissolved oxygen (DO) concentrations, ORP, total nitrogen (TN)
concentrations, and total S concentrations were monitored in both the AD reactors and abiotic
controls to ensure proper functioning of the reactor systems.
The experiment was completed when the AD reactors were determined to have reached
stabilization for 7 days. Reactor stabilization was defined for this study as less than 10% fluctuation
in TSS and ORP measurements between three samples taken at 48-hour intervals. Final analyses
for TOC, N, P, K, Ca, Mg, S, Fe, Mn, Cu, and Zn were conducted after stabilization to determine
the change in the plant availability of each nutrient after AD. Data collected throughout the study
was compared with commercially-available fertilizer mixes to provide a reference for relative
nutrient availability and identify nutrients where supplementation will be required.
2.2.5. Reactor Operation and Sample Analysis
Each reactor was filled with 15 L of drum screen effluent. Sample volumes of 50 mL were
collected from each reactor every 48 hours. Sample analysis included temperature, DO, pH, TSS,
and ORP. A Hach (Loveland, CO, USA) IntelliCAL ORP-REDOX probe was used for ORP
measurement and a Hach HQ 40D was used for DO measurements. Temperature, DO, and pH
were monitored to ensure ideal AD operating parameters, while stabilization in ORP and TSS was
used to determine treatment completion. Reactors were operated at ambient temperatures and
reactor pH was adjusted using 1 M hydrochloric acid (HCl) when the pH measured above 8 to
maintain an appropriate environment for anaerobic microbes (Cioabla et al., 2012). Samples for
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solid and liquid carbon analysis and macro- and micro-nutrient analysis were collected at the end
of the experiment to determine the increase of nutrient plant availability. The final carbon and
nutrient analyses were conducted as described above in section 2.2. The change in the aqueous
concentration of a specific nutrient after AD was calculated using the following equation:
∆𝑀𝑎𝑞𝑢𝑒𝑜𝑢𝑠 =

[𝐵𝑎𝑞𝑢𝑒𝑜𝑢𝑠 ]/[𝐵𝑡𝑜𝑡𝑎𝑙 ]
[𝐴𝑎𝑞𝑢𝑒𝑜𝑢𝑠 ]/[𝐴𝑡𝑜𝑡𝑎𝑙 ]

(3)

where ∆Maqueous is the change in the percent of the total nutrient concentration that is in the aqueous
fraction of the effluent. Additionally, [Aaqueous] is the concentration, in mg/L, of a nutrient in the
aqueous fraction in the untreated drum screen effluent, [Atotal] is the total nutrient concentration in
the untreated drum screen effluent, in mg/L, [Baqueous] is the concentration, in mg/L, of a nutrient
in the aqueous fraction after AD, and , [Btotal] is the total nutrient concentration after AD.
2.2.6. Statistical Analysis
A One-way Analysis of Variance (ANOVA) in JMP Pro version 14.1 Statistical Software
(SAS Institute, Cary, NC) was used to determine if the temperature, DO, pH, and ORP was
statistically similar or different between AD reactors and the abiotic controls. A Tukey’s honestly
significant difference (HSD) test was used to evaluate if the replicate reactors were statistically
similar or different from each other within the AD treatment and the abiotic control. A pooled ttest was used to test the significance of the differences in TOC, TN, and total sulfur concentrations
and in the percent of each nutrient’s total mass in the aqueous fraction of the effluent after
treatment. A p value < 0.05 was considered significantly different for all analyses.
2.3. Results
Drum screen effluent was collected from the KFRAG and analyzed for nutrients and plant
availability. The nutrient profile data was used to calculate the total concentration of each nutrient
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in the reactors. The total concentration of each nutrient in each reactor was determined as the sum
of the particulate-bound and aqueous nutrient masses in 1 liter of unfiltered reactor wastewater.
Reactor operational data such as temperature, DO, pH, TSS, ORP were analyzed for the AD
reactors and abiotic controls at 48-hour intervals. An analysis of starting and ending masses for
TOC, TN, and S was also conducted for both the AD reactors and abiotic controls. An analysis of
the nutrient profile was then conducted to determine the treatment effects in both the AD reactors
and abiotic controls.
2.3.1. Feed and Effluent Nutrient Analysis
The nutrient profile of the 40% protein, 10% lipid finfish feed is reported in Table 2-1.
Table 2-1. The nutrient profile of Zeigler Bros. Inc., Finfish Silver, 40% protein, 10% lipid feed.
Nutrient
Macro-nutrients
N*
P*
K*
Ca*
Mg*
S†
Micro-nutrients
Fe†
Mn†
B†
Cu†
Zn†
Mo†
Na†
Al†

Feed
6.44
0.97
0.96
1.17
0.14
1024
209
91.8
5.9
46.5
89.6
4.13
2051
0

*

Reported as percent of total mass
Reported as mg/L

†

The initial effluent had a pH and TSS concentration of 7.4 and 1347 mg/L, respectively.
The TOC concentration of the initial effluent was 151 mg/L,18.83% of which in the aqueous form
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as DOC. The TN concentration of the initial effluent was 143 mg/L, with 88.54% in the aqueous
form as TDN. The DOC:TDN ratio of the aqueous fraction of the effluent was 0.20:1 and the
TOC:TN ratio of the effluent was 1.05:1. Macro- and micro-nutrient concentrations, and the
associated aqueous and particulate fractions in the initial effluent, are reported in Table 2-1. Over
99% of the K, S, and Na in the effluent was aqueous. The macro-nutrients with the lowest
percentage of their total mass in the aqueous form in the effluent were P (31.76%) and Ca
(72.80%). The micro-nutrients with the lowest percentage of their total mass in the aqueous form
in the untreated effluent were Fe (87.74%), Mn (80.43%), and Cu (80.04%).
Table 2-2. Total nutrient concentrations in the drum screen effluent collected from UNH KFRAG
as a combination of the aqueous and particulate nutrient mass normalized to 1 L of effluent. The
aqueous and particulate mass fractions for each nutrient are expressed as a percent of total mass.
Nutrients found in the aqueous fraction were considered plant available.
Nutrient
TOC
Macro-nutrients
N
P
K†
Ca
Mg
S
Micro-nutrients
Fe†
Mn
Cu
Zn
Na
†

Total Drum Screen
Effluent (mg/L)
151

Aqueous
(%)
18.83

Particulate
(%)
81.17

143
5.13
303
21.3
17.6
23.2

88.54
31.76
99.96
72.80
96.93
99.61

11.46
68.24
0.04
27.20
3.07
0.39

1.78
0.16
0.15
0.74
34.6

87.74
80.43
80.04
94.20
99.62

12.26
19.57
19.96
5.80
0.38

Supplemented nutrient in KFRAG.

2.3.2. Reactor Sample Analysis
Temperature, DO, and pH were measured at 48-hour intervals in all reactors to evaluate
the treatment effects and to ensure anaerobic conditions were maintained throughout the study
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period. The mean ± standard deviation (SD) of the temperature, DO, and pH in the AD reactors
and abiotic controls are shown in Table 2-3-3. The temperatures in the replicate AD reactors were
not significantly different from each other throughout the experiment (p = 0.6606). The
temperatures in the replicate abiotic control reactors were not significantly different from each
other throughout the experiment (p = 0.3669). The DO concentrations in the replicate AD reactors
were not significantly different from each other throughout the experiment (p = 0.5520). The DO
concentration in the replicate abiotic controls were significantly different from each other
throughout the experiment (p = 0.0101). The pH in the replicate AD reactors was not significantly
different from each other throughout the experiment (p = 0.9798). The pH in the replicate abiotic
controls was not significantly different from each other throughout the experiment (p = 0.4230).
Table 2-3. The mean ± SD of the temperature, DO, and pH in the AD reactors and the abiotic
control reactors during the study.
Parameter
Temperature (oC)
DO (mg/L)
pH

AD Reactors
22.6 ± 1.32
0.96 ± 0.22
7.5 ± 0.28

Abiotic Controls
23.4 ± 1.17
4.1 ± 1.04
7.3 ± 0.13

p – value between treatments
= 0.0398
< 0.0001
= 0.0003

The change in TSS concentration over the entire study period is shown in Figure 2-3. The
initial TSS concentration of the drum screen effluent was 1347 mg/L. In the AD reactors, the mean
± SD TSS concentration declined to 474 ± 101 mg/L by day 9 before stabilizing at 322 ± 94 mg/L
on day 15. The overall average change in the TSS concentration in the replicate AD reactors were
not significantly different from each other throughout the experiment (p = 0.3549). The mean ±
SD TSS concentration was reduced by 76.17 ± 6.97% in the AD reactors. In the abiotic controls,
the mean ± SD TSS concentration declined to 666 ± 320 mg/L by day 9 and stabilized at 511 ±
105 mg/L by day 15. The overall average change in the TSS concentration in the abiotic controls
were significantly different from each other throughout the experiment (p = 0.0261). The mean ±
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SD TSS concentration in the abiotic controls was reduced by 62.06 ± 7.77%. The mean overall
average change in TSS concentrations measured at 48-hr intervals throughout the experiment in
the AD reactors and the abiotic controls were not significantly different (p = 0.5460).

A
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TSS
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2,000 mg/L

1,500 mg/L
1,000 mg/L
500 mg/L
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Figure 2-3. Mean TSS concentration within AD treatment (A) and abiotic control (B) replicates
throughout the 15-day study period. Error bars indicate standard deviation between treatment
replicates.
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The change in ORP in the AD reactors and abiotic controls is shown in Figure 2-4. The
mean ± SD ORP in the AD reactors decreased consistently until reaching -298 ± 16.6 mV on day
9, and then remained stable for the remainder of the study with a final measurement of -333 ± 16.1
mV. The overall mean ORP in each of the AD replicate reactors was not significantly different
from each other throughout the experiment (p = 0.9781). The mean ± SD abiotic control ORP
remained consistent at 85.7 ± 14.8 mV over the entire course of the study. The ORP of the abiotic
control replicates was not significantly different from each other throughout the experiment (p =
0.1782). The mean ORP in the AD reactors was significantly lower than the mean ORP in the
abiotic controls (p < 0.0001).
200 mV
100 mV

ORP

0 mV
-100 mV
-200 mV
-300 mV
-400 mV
0

3
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12

15

Day
AD Treatment

Abiotic Control

Figure 2-4. Mean ORP within the control and anaerobic replicates throughout the 15-day study
period. Error bars indicate standard deviation between treatment replicates.

2.3.3. Carbon, Nitrogen, and Sulfur Mass Analysis
The TOC, TN, and total sulfur concentrations in the initial effluent and after treatment in
the AD reactors and abiotic controls are shown in Figure 2-5. The final mean ± SD of the TOC,
TN, and total S concentrations in the AD reactors were significantly lower than the concentrations
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in the initial drum screen filter effluent (p = 0.0030, p < 0.0001, p < 0.0001, respectively). In the
initial effluent, the TOC, TN and total S concentrations were 151 mg/L, 143 mg/L, and 23.2 mg/L,
respectively. The final mean ± SD TOC, TN, and total S concentrations mean ± SD in the AD
reactors were reduced to 79.4 ± 19.2 mg/L, 17.83 ± 1.15 mg/L, and 3.39 ± 0.59 mg/L, respectively.
The final mean TOC and TN concentrations in the abiotic controls were not significantly
different than the initial drum screen effluent (p = 0.3408 and 0.4179, respectively). In the abiotic
controls, the final mean TOC concentration was 137 ± 22.5 mg/L and the final mean TN
concentration was 139 ± 6.32 mg/L. The final mean total S concentration was significantly greater
than the initial effluent at 25.29 ± 0.47 mg/L (p = 0.0015).
180 mg/L
160 mg/L
140 mg/L
120 mg/L

100 mg/L
80 mg/L
60 mg/L
40 mg/L
20 mg/L
0 mg/L
TOC
Effluent

TN
Abiotic Control

Total S
AD Reactors

Figure 2-5. The TN, TOC, and total S concentrations in the untreated drum screen effluent and
after treatment in AD reactors and abiotic controls. Error bars indicate standard deviation.
2.3.4. Final Nutrient Analysis
The change in the amount of the total nutrient concentration in the aqueous fraction of the
treated effluent for TOC, N, P, Ca, Mg, Fe, Mn, and Cu are reported in Table 2-4. The TOC mass
in the AD reactors were significantly lower after treatment, with an observed reduction of 47.42 ±
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12.76%. The mean ± SD TOC concentration was reduced to was 79.4 ± 19.2 mg/L after AD.
However, the mean ± SD percentage of the TOC dissolved in the aqueous fraction of the effluent
after AD was 86.36 ± 3.00%. The percent of the remaining TOC that was in the aqueous fraction
was significantly greater than the percent of TOC in the aqueous fraction of the initial effluent (p
= 0.0004), which increased the plant available OC in the treated effluent increased from 28.4 mg/L
to 68.6 mg/L. The TN concentrations in the AD reactors were significantly lower after treatment,
being reduced by 89.30%. The was no significant difference (p = 0.2125) in the percent of the
remaining TN in the aqueous fraction after AD when compared to the TN dissolved in the aqueous
fraction in the untreated effluent. After AD, TN in the aqueous fraction of the effluent was
comprised of 91.60% ammonia-nitrogen (NH4-N), 7.32% nitrate-nitrogen (NO3-N), and 1.08%
urea.
The two macro-nutrients in the initial effluent with the lowest aqueous fraction percentage
were P and Ca (31.76% and 72.80%, respectively). After AD, the percent of total P and total Ca
concentration dissolved in aqueous portion of the effluent significantly increased (p < 0.0001 and
p < 0.0001, respectively). After AD, the amount of aqueous P increased by a factor of 3.13 and the
amount of aqueous Ca increased by a factor of 1.36. The micro-nutrients in the initial effluent with
the lowest aqueous fraction percentage were Fe, Mn, Cu, and Zn (see Table 2-2). The percent of
the total Fe and Mn concentrations in the aqueous fraction of the effluent increased significantly
after AD (p = 0.0003 and p < 0.0001). The amount of plant available Fe and Mn respectively
increased by a factor of 1.13 and 1.24, respectively. The percent of the total Cu and Zn
concentrations in the aqueous effluent fraction after AD was not significantly different than the
initial effluent (p = 0.1628 and 0.0696, respectively).
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Table 2-4. Percent change of nutrient concentrations in aqueous form (plant available) in the
aquaponic tilapia effluent after AD. Mean percent ± SD of total nutrients in aqueous form shown
before and after anaerobic treatment are shown.
Nutrient

TOC
Macro-nutrients
N
P
Ca
Mg
Micro-nutrients
Fe†
Mn
Cu
Zn
†

Initial
Effluent
(% Aqueous)
18.83

Post-AD
Treatment
(% Aqueous)
86.36 ± 10.8

Change in %
Aqueous

88.54
31.76
72.80
96.93

93.83 ± 4.23
99.53 ± 0.20
98.93 ± 0.45
99.78 ± 0.07

1.06x
3.13x
1.36x
1.03x

87.74
80.43
80.04
94.20

98.91 ± 1.58
99.52 ± 0.26
91.61 ± 11.7
86.85 ± 5.18

1.13x
1.24x
1.15x
0.92x

4.59x

Supplemented nutrient in KFRAG

2.4. Discussion
Increasing the mass of nutrients available through capture and re-use agricultural waste
management methods has become immediately important as the global scarcity of mined minerals
is projected to have a detrimental impact on the agriculture industry in the coming decades (Cordell
et al., 2009; Henckens et al., 2016). This study focused on the treatment effects of AD for
improving the plant availability of nutrients from aquaponic/RAS effluent as compared to an
abiotic control. Both the AD treatment and abiotic control affected the aqueous nutrient profile.
Additionally, analysis of OC removal was conducted. The removal of OC is required for any
agricultural waste treatment method designed to re-purpose the waste as a hydroponic fertilizing
solution (Lee et al., 2006; Furtner et al., 2007). The following sections discuss the nutrient profile
of the untreated aquaponic effluent, the operation of the AD reactors and abiotic controls, and the
potential of the treated effluent for re-use as a hydroponic fertilizing solution. Suggestions for
future research are also be provided.
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2.4.1. Feed and Drum Screen Effluent Nutrient Profiles
The nutrient profile of the feed used would likely have a significant impact on the nutrient
profile of the system effluent. The feed used in this study was chosen as it is commercially
available and commonly used in the RAS industry. The drum screen effluent nutrient profile from
KFRAG was similar to other reported aquaponic/RAS effluents (Guerdat et al., 2013; Monsees et
al., 2017; Goddek et al., 2018). In these previous studies, P, K, Ca, Mg, Fe, Mn, Cu, and Zn were
found to have a large percent of their total mass in the particulate fraction of the effluent, thus not
immediately available for uptake by plants, across multiple studies characterizing aquaponic/RAS
effluent (Guerdat et al., 2013; Monsees et al., 2017; Delaide et al., 2018; Goddek et al., 2018).
Excluding K, those were also the nutrients identified as the least plant available in the KFRAG
drum screen effluent. Daily additions of soluble K2CO3 were made to the KFRAG systems for pH
buffering and alkalinity adjustments for biofilter maintenance (Anderson, 2016). This increased
the total mass and the plant availability of K at KFRAG compared to other aquaponic/RAS
facilities (Guerdat et al., 2013; Monsees et al., 2017; Goddek et al., 2018). While Fe was identified
as a nutrient primarily bound in particulates in the KFRAG effluent, the percent of total Fe in the
solid fraction of the KFRAG effluent was less than other facilities (Goddek et al., 2018). The
routine additions of soluble DTPA Fe (III) at KFRAG resulted in an increased percent of the total
Fe mass dissolved in the aqueous fraction of the effluent.
The mass and plant availability of K and Fe are unique in the KFRAG effluent due to the
additions of K2CO3 and DTPA Fe (III). System design and nutrient additions will result in some
variation of the nutrient profile of the effluent at different aquaponic/RAS facilities. However, P,
K, Ca, Mg, Fe, Mn, Cu, and Zn have been repeatedly shown to be bound in the particulate fraction
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of the effluent and needing treatment to maximize utilization by plants in a hydroponic cropping
system (Guerdat et al., 2013; Monsees et al., 2017; Delaide et al., 2018; Goddek et al., 2018).
The removal of OC is required to maintain adequate biofilter operation in aquaponic/RAS
facilities (Chen et al., 1997; Guerdat et al., 2011). With OC removal being an essential step in
cultured fish production, the effluent of aquaponic/RAS facilities, including KFRAG, contains
high amounts of OC (Guerdat et al., 2011, 2013; Monsees et al., 2017). Pathogenic heterotrophic
microbes can also utilize OC as an energy source in hydroponic systems (Lee et al., 2015; Yaron
and Römling, 2014). A fertilizing solution containing OC could increase disease potential in a
hydroponic system and potentially cause restrictions in the plumbing systems. The removal of OC
from aquaponic/RAS effluent is essential before it can become a viable hydroponic fertilizing
solution.
2.4.2. Anaerobic Operating Conditions
The DO concentration, temperature and pH were kept consistent throughout the experiment
to prevent microbial inhibition (Celis-García et al., 2004; Cioabla et al., 2012; Bergland et al.,
2015). The stabilization of TSS and ORP was used to monitor biological reactions and solids
reduction, as well as determine experiment completion. With a mean ± SD temperature and pH of
22.6 ± 1.32 and 7.5 ± 0.28, respectively, the TSS and ORP of the AD reactors became relatively
stable by day 9.
Optimization of temperature and pH has the potential to increase the rate and degree of
nutrient mineralization in AD (Conroy & Couturier, 2010; Ge et al., 2011). A wide range of
temperatures can be used for AD, but two of the most commonly used temperature ranges for
domestic wastewater treatment are the mesophilic (35 oC) and thermophilic (55 oC) ranges
(Bergland et al., 2015; Ge et al., 2011; Gebreeyessus and Jenicek, 2016). Hydrolysis has been
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identified as one of the slowest reactions to occur during AD (J. Ma et al., 2013). Ge et al., (2011)
found that the hydrolysis rate in AD was nearly doubled when reactor temperature was increased
from 38 oC to 55 oC. However, the same study also determined that fermentation and glucose
consumption occurred more rapidly at 38 oC than 55 oC (Ge et al., 2011). Both the initial
breakdown of large organic matter during hydrolysis and the mineralization of smaller particles
during fermentation are vital to the treatment of RAS effluent. Further research dedicated to either
identifying an optimal middle temperature to better facilitate both processes in a batch reactor or
developing a multi-stage reactor with different temperature ranges could increase the AD rate of
aquaponic/RAS effluent. While increasing temperature from the ambient range used for the AD of
KFRAG effluent may increase digestion rate , the cost of reactor heating must also be considered
against the decrease in reaction time (Ruffino et al., 2015).
A pH range between 6 and 8 has been shown to facilitate anaerobic microbial growth and
allow for each stage of AD to occur (Cioabla et al., 2012). However, a more acidic pH between
5.5 and 6.5 has been shown to result in a greater degree of nutrient mineralization in
aquaponic/RAS effluent (Conroy and Couturier, 2010; Goddek et al., 2018). While a lower pH
resulted in a greater degree of mineralization in several studies, Goddek et al., (2018) reported a
greater reduction in OC when the pH of an AD reactor was maintained between 6.5 and 7. With a
mean ± SD pH of 7.5 ± 0.28, the AD reactors used in this study were above the ideal ranges
reported for both nutrient mineralization and OC reduction. Similar to temperature control, further
research dedicated to either identifying an optimal middle pH to better facilitate both processes in
a batch reactor or developing a multi-stage reactor with different pH ranges could increase the
degree of nutrient mineralization in aquaponic/RAS effluent during AD.
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2.4.3. Abiotic Controls Confirm Microbial Mineralization in AD Reactors
The mean ± SD of the DO, ORP, TOC, TN and total S in the abiotic controls were stable
throughout the experiment and significantly different than the AD reactors. These differences in
reactor parameters confirmed that microbial activity was present and the cause of solids reduction
and nutrient release in the AD reactors. The increase in the percent of each nutrient’s total
concentration that was dissolved after abiotic treatment was similar to the increase observed in the
AD reactors. (results not shown). This was attributed to hydrolysis and the deflocculating
properties of NaN3, which has been shown to effectively reduce solids concentrations (Barbot et
al., 2010). While NaN3 was able to produce a similar degree of mineralization as AD through
chemical reactions, its excessive sodium concentration and inhibition of cell growth eliminate it
for use in the hydroponic industry regardless of the effect on increasing the percent of the total
nutrient concentration that was dissolved (Barbot et al., 2010; Marschner, 2011). It is also
important to note that while the microbial and chemical properties of treatment exhibited by the
AD and abiotic treatments, respectively, resulted in some similarities in terms of mineralization
effects, the reduction of TOC concentration was distinctively unique to the microbial respiration
in the AD treatment. The TOC concentration in the AD reactors was reduced by 47.42% after
treatment, while the TOC concentration in the abiotic controls was not significantly different than
the untreated effluent. The 8.26% total sulfur concentration increase from the initial effluent in the
abiotic controls was assumed to be a sampling error from uneven mixing prior to analysis. Abiotic
control reactors provided evidence through comparison that AD conditions were met and
microbially activity occurred throughout the experiment in the AD reactors.
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2.4.4. AD Reactor Solids Reduction and Biological Activity
The stabilization of the TSS concentration in the AD reactors was used as the metric for
determining the time at which the mineralization of the particulates was effectively completed
given the environmental conditions in the AD reactors. Stabilization of the treated waste was
defined as less than a 10% change in TSS concentration and ORP over 3 sampling periods at 48hour intervals. The 76.17 ± 6.97% reduction of the KFRAG effluent over 15 days was greater than
the TSS reductions previously reported from a similar study on the AD of aquaponic effluent
(Delaide et al., 2018). Delaide et al., (2018) reported a 49.02% TSS reduction in aquaponic tilapia
effluent after AD with a 15-day hydraulic retention time (HRT).
Change in ORP over time can be associated with specific biological activities (Gerardi,
2007). Biological reactions important to AD that can be monitored using ORP include
denitrification and sulfide formation and fermentation (Gerardi, 2007). Denitrification occurs at
ORP values between +50 to -50 mV and sulfide formation occurs at ORP values between -50 and
-250 mV (Dabkowski, 2006; Gerardi, 2007). On day 3, the ORP in the AD reactors was within the
range for denitrification and sulfide production, with mean ± SD measurements of -58.2 ± 9.43
mV. On day 9, ORP in the AD reactors began to stabilize at -298 ± 16.6 mV, which was below the
range for all relevant reactions to occur within the reactors. The ORP of AD reactors was not
routinely reported in other published studies on the anaerobic treatment of aquaponic effluent for
re-use as a hydroponic fertilizing solution (Monsees et al., 2017; Delaide et al., 2018; Goddek et
al., 2018).
The ORP of each reactor used in this study was measured at the same time each TSS sample
was taken. With an R2 value of 0.94, a strong correlation between TSS concentration and ORP
was identified during the AD of the effluent KFRAG (Figure 2-6). The correlation between the

44

reduction and stabilization of TSS concentrations with the reduction and stabilization of ORP
measurements indicate that ORP stabilization can serve as a metric for determining when a specific
AD reactor has achieved maximum mineralization and solids reductions.
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Figure 2-6. The mean AD reactor TSS concentration plotted against the mean AD reactor ORP
during the study period. The R2 value of the linear regression line is 0.94.
2.4.5. Treated Effluent Nutrient Profile
While AD resulted in the solids reduction, TOC removal, and nutrient mineralization
needed for re-use as a hydroponic fertilizer, the treated effluent also had significantly reduced
concentrations of N and S. Both are macro-nutrients required for plant growth and deficiencies in
either nutrient can result in stunted growth and the disruption off physiological pathways
(Marschner, 2011; Etienne et al., 2018). In plants, N serves a vital role in photosynthesis, and both
N and S are primary components in proteins (Marschner, 2011; Etienne et al., 2018). The form of
N after AD must also be considered when evaluating the effluent for re-use as a hydroponic
fertilizing solution. Prior to AD, the effluent from KFRAG had a plant available TN concentration
of 127 mg/L. Over 99% of the plant available TN in the untreated effluent was NO3-N, the
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preferred form for uptake by hydroponic plants (Ikeda and Osawa, 1981; Shinohara et al., 2011).
After AD, the mean plant available TN concentration of the effluent was 23.1 mg/L, and comprised
of 91.60% NH4-N, 7.32% NO3-N, and 1.08% urea. Additionally, S is often considered an
overlooked element in fertilizers and many crops have been identified as sulfur deficient in the
past several decades (Gilbert, 1951; Scherer, 2001; Etienne et al., 2018). When evaluating the
potential of using AD to develop a hydroponic nutrient solution, the reduction in total mass of N
and S must be considered with the increased plant availability of other nutrients. As a means for
estimating the effectiveness of the treated effluent as a fertilizing solution, the nutrient profile of
the treated effluent was compared to nutrient recommendations for hydroponic lettuce and leafy
green production (Table 2-5).
Table 2-5. Plant available concentrations of nutrients after anaerobic digestion compared against
recommended concentrations for hydroponic lettuce and leafy green production ((fertilizer
information retrieved from jrpeters.com)
Nutrient
Macro-nutrients
N
P
K†
Ca
Mg
S
Micro-nutrients
Fe†
Mn
Cu
Zn
Na
†

Anaerobic
(mg/L)

Jack’s Hydroponic
(mg/L)

23.1
5.11
303
21.1
17.6
3.14

150
39
162
139
47
N/A

1.8
0.16
0.137
0.74
34.6

2.3
0.38
0.113
0.11
N/A

Supplemented nutrient in KFRAG

The plant availability of the nutrients was increased after AD. However, only the K, Cu,
and Zn concentrations in the KFRAG effluent met or exceed the recommended concentrations for
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hydroponic lettuce and leafy green production after treatment. It must also be noted that the
concentrations of K and Fe are supplemented at KFRAG and the overall concentrations are not
necessarily representative of other aquaponic facilities. In other studies on the nutrient profile of
aquaponic effluent, K was shown to be present in lower concentrations and largely plant
unavailable prior to treatment (Monsees et al., 2017; Goddek et al., 2018). Similarly, the addition
of soluble Fe salts increased the plant availability of Fe in the untreated effluent at KFRAG in
comparison to other published studies (Monsees et al., 2017; Goddek et al., 2018). While the mass
and initial plant availability of Fe is not comparable between KFRAG and other aquaponic
facilities, this study still demonstrated the ability AD to significantly increase the plant availability
of Fe in aquaponic effluent.
The plant availability of the nutrients in aquaponic effluent can be increased through AD.
After maximizing plant availability, the total concentration of many nutrients in the treated effluent
was still below the recommended concentrations for hydroponic lettuce and leafy green
production. The total concentration of each nutrient, not the plant availability of the nutrients,
becomes the limiting factor for developing a hydroponic nutrient solution from aquaponic/RAS
effluent through AD. Supplementation with traditional chemical fertilizers or concentration of the
effluent is required to fully meet crop needs. A hydroponic fertilizer program comprised primarily
of components derived from captured effluent supplemented secondarily by traditional chemical
productions would reduce mined mineral dependency and provide aquaponic/RAS producers with
alternative waste management strategies. However, a combined fertilizer would do little to
progress the hydroponic industry closer to unopposed USDA organic certification. Increasing
nutrient concentration through crystallization is a potential method to develop a fertilizer that can
meet crop needs exclusively from coupled hydroponic and RAS waste (Schooley et al., 2017).
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Crystallization of aqueous nutrient salts is currently being explored in the terrestrial animal
agriculture industry to create highly concentrated and fully soluble fertilizers, prevent
eutrophication as a result of runoff, and end reliance on finite mineral reserves (Schooley et al.,
2017; Zhang et al., 2017). Continuing to adopt technologies developed for the terrestrial animal
agriculture industry could increase nutrient concentration and meet crop needs in a fertilizer
derived solely from the effluent of an aquaponic facility.
The relative ratios of nutrients between treated aquaponic/RAS effluent and commercial
hydroponic fertilizing solutions must be evaluated when concentrating treated aquaponic/RAS
effluent is being considered. The plant available nutrient ratios, on a part per million (ppm) basis,
in the untreated KFRAG effluent, the KFRAG effluent after AD, and a commercial hydroponic
fertilizing solution are shown in Table 2-6. The macro-nutrient ratios of the untreated KFRAG
effluent is lower than the commercial solution and not ideal for plant production. The nutrient
ratios of the KFRAG effluent after AD are more comparable to the commercial solution than the
untreated effluent. This similarity between the nutrient ratios of the effluent after AD and the
commercial solution is due largely to the TN reduction that balanced the ratio of N to the other
macro-nutrients in the treated effluent.
Nutrient ratios of concern in the KFRAG effluent after AD are N:K and N:Na. Although
K is an essential nutrient for plant growth, excess K can interfere with the uptake of other nutrients
(Cooil and Slattery, 1948). The increased K concentration at KFRAG compared to other
aquaponic/RAS facilities has been established (Monsees et al., 2017; Goddek et al., 2018). The
high N:K ratio observed in the KFRAG effluent is unlikely to occur when a facility is not dosing
with K2CO3 on a daily basis. Few plants need Na for growth, and similar to excess K, it can
interfere with the uptake of required nutrients (Marschner, 2011). A hydroponic fertilizing solution
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containing excess Na could prevent plants from up-taking other nutrients. To maximize the
potential of aquaponic/RAS effluent for re-use as a hydroponic fertilizing solution, the nutrient
profile of anything added to the system must be considered in terms of how it will affect the
effluent.
Table 2-6. The plant available nutrient ratios of the untreated KFRAG effluent, the KFRAG
effluent after AD, and a commercial hydroponic fertilizing solution on a ppm basis is shown. All
nutrients are compared to N. Macro-nutrients (and Na) are normalized to 10 ppm N and micronutrients are normalized to 100 ppm.
Nutrient

Untreated Effluent AD Reactors
(ppm)
(ppm)

Macro-Nutrients
N
P
K†
Ca
S
Na
Micro-Nutrients
Fe†
Mn
Cu
Zn
†

Jack’s Hydroponic
(ppm)

10.0
0.12
22.3
1.14
1.70
2.54

10.0
2.21
131
9.13
1.36
15.0

10.0
2.60
10.8
9.27
N/A
N/A

1.04
0.09
0.08
0.47

1.20
0.11
0.09
0.49

1.53
0.25
0.08
0.07

Supplemented nutrient in KFRAG

2.4.6. Organic Carbon Removal
The presence of OC could limit the adoption of treated aquaponic/RAS effluent as a
hydroponic fertilizing solution regardless of increased plant availability and solids reduction. In a
hydroponic system, OC build-up can result detrimental effects to the physical and physiological
health of plants (Lee et al., 2006; Yaron and Römling, 2014). Heterotrophic bacteria feed on OC
and can colonize into biofilms that physically disrupt irrigation water flow in a hydroponic system,
consume DO in the root zone, and outcompete plants for nutrient uptake. Many heterotrophic
bacteria are also pathogenic and can cause disease in crops and humans (Yaron and Römling,
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2014). Beyond disruption of system operation and potential food safety concerns, OC has also
been shown to have phytotoxic effects that reduce plant growth by negatively altering
physiological functions (Garland et al., 1997; Lee et al., 2006).
The AD reactors used in this study reduced the mean ± SD TOC concentration of the
KFRAG effluent by 47.42 ± 12.76%. This reduction is comparable to TOC reductions in other
waste streams by AD and to the organic matter reduction reported in another study on the AD of
aquaponic effluent (Delaide et al., 2018). The portion of the TOC concentration remaining after
treatment that was dissolved in the aqueous fraction of the effluent was increased from 18.83% to
86.36 ± 10.8. Based on the results of this study, the DOC concentration increased from 28.4 mg/L
to 68.6 mg/L as a result of AD. This study showed that AD can significantly increase the plant
availability of nutrients and significantly reduce the TSS and TOC concentration of aquaponic
effluent. However, AD also dissolved the majority of the remaining OC in the effluent, leading to
a greater concentration of DOC after treatment than in the untreated effluent. While AD is a
promising initial treatment option to increase nutrient availability and reduce solids, a secondary
treatment process is required to remove remaining DOC before the effluent can become a viable
hydroponic fertilizing solution.
Aerobic digestion is often used as a finishing process for wastes treated anaerobically
(Borzacconi et al., 1999; Del Pozo and Diez, 2003). During aerobic digestion, organic matter is
broken down and oxidized into CO2 in a constantly aerated system (Maier et al., 2009). Aerobic
digestion can achieve greater organic matter reduction in both industrial and aquaponic/RAS
effluent treatment than AD (Borzacconi et al., 1999; Delaide et al., 2018). Sludge production from
microbial growth and high treatment costs due to constant aeration are often limiting factors for
large-scale applications aerobic digestion (Mata-Alvarez et al., 2000). However, multiple studies
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have shown greater than 90% COD reduction when aerobic digestion is used as a finishing process
after AD has reduced the solids content of a waste stream and preformed initial OC reduction
(Borzacconi et al., 1999; Del Pozo and Diez, 2003). An additional benefit of adding an aerobic
treatment after the AD of aquaponic/RAS effluent is nitrification to convert NH4-N to NO3-N for
improved plant growth performance (Ikeda and Osawa, 1981; Gerardi, 2007). Research on the
incorporation of an aerobic stage after AD could enhance aquaponic/RAS effluent treatment and
result in a final solution with reduced OC concentrations and the majority of TN in the ideal form
for uptake by hydroponic plants (Ikeda and Osawa, 1981; Del Pozo and Diez, 2003).
2.5. Conclusions
Current projections predict the depletion of mined mineral reserves used for the production
of fertilizers and an increased demand for agricultural products to feed the growing global
population in the coming decades (Cordell et al., 2009; Henckens et al., 2016; Hunter et al., 2017).
Based on these projections, a naturally-derived hydroponic nutrient solution has the potential to
increase future food security by developing a circular nutrient economy to sustain the hydroponic
industry independently of the finite mineral reserves that contain the nutrients required for fertilizer
production. This study confirmed that AD reduced the TSS and TOC concentration of
aquaponic/RAS drum screen effluent and simultaneously increased that plant availability of the
nutrients. Additional data collected identified a strong correlation between the reduction and
stabilization of TSS concentrations and the reduction and stabilization of ORP measurements
throughout the treatment process within the AD reactors. Based on this correlation, ORP
stabilization can provide an accurate assessment of when a specific AD reactor has achieved
maximum solids reduction and nutrient mineralization.
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After treatment, the nutrient ratios in the effluent were more comparable to the nutrient
ratios of a commercially available hydroponic fertilizing solution than the untreated effluent. This
is promising progress towards a treatment system for the development of a naturally derived
nutrient solution from aquaponic/RAS effluent. The increased DOC concentration after AD makes
the treated effluent unsuitable for use as a hydroponic fertilizing solution due to the negative effects
that OC has on hydroponic production (Lee et al., 2006; Yaron and Römling, 2014). While AD
can provide initial treatment to reduce solids and mineralize nutrients, a second stage of treatment
is required to further remove OC before aquaponic/RAS effluent can be re-used as a hydroponic
fertilizing solution. A finishing stage of aerobic digestion is often used on AD effluent to additional
remove OC. Future research on the continued treatment of aquaponic/RAS effluent using aerobic
digestion is needed to continue to development of a naturally-derived nutrient solution.
Maximizing plant availability of aquaponic/RAS effluent in lab-scaled batch reactors is the first
step to developing a treatment system for commercial operations.

52

CHAPTER 3
AEROBIC MINERALIZATION OF RECIRCULATING AQUACULTURE DRUM
SCREEN EFFLUENT FOR USE AS A NATURALLY-DERIVED FERTILIZER IN
HYDROPONIC CROPPING SYSTEMS
3.1. Introduction
The United States is the world leader in imported seafood (FOA, 2018). Increased seafood
production would allow the United States to meet domestic demands. Over the past three decades
the aquaculture industry has become a primary source for seafood production (FAO, 2018).
Improvement and expansion of the aquaculture industry would allow the United States to better
meet these domestic seafood demands and compete in international markets. There are multiple
aquaculture production methods. Land-based recirculating aquaculture systems (RAS) are the
most promising option for optimization in the aquaculture industry due to the inherent high water
re-use rates, location independence, and controlled environment maximizing fish growth rates
producing fresh seafood in areas with the infrastructure to meet the requirements of its industrial
operations (van Rijn, 1996; Gelfand et al., 2003).While RAS has the potential to address the
seafood production deficit in the United States, expansion of commercial RAS is currently limited
by costs associated with the waste treatment despite the high water conservation rates (Miller and
Semmens, 2002; Tsani and Koundouri, 2018).
The high nutrient and water content of RAS effluent makes it well-suited for treatment and
reuse as a naturally derived fertilizer solution for hydroponic greenhouse production (Cripps and
Bergheim, 2000; Guerdat et al., 2013; Goddek et al., 2019). Research has shown that RAS effluent
contains the nutrients required for plant growth, but that the effluent also requires treatment to
mineralize particulate-bound nutrients, reduce suspended solids, and remove organic carbon
before it can become a viable hydroponic fertilizer (Monsees et al., 2017; Chapter 2). Developing
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a hydroponic fertilizing solution from RAS effluent would benefit the hydroponic and RAS
industries, while creating a circular nutrient economy.
RAS operations can monetize the waste stream and offset operating costs by adopting a
capture and re-use model of waste management similar to that of terrestrial animal agriculture
producers (USDA NRCS, 2013). Additionally, hydroponic growers would benefit from a naturally
derived nutrient solution enabling facilities to earn USDA Organic certification (Schneider et al.,
2005; Yogev et al., 2017). Reusing nutrients from RAS effluent as a hydroponic fertilizer would
create a circular nutrient economy, effectively enabling production systems to mitigate the
agricultural industry’s current reliance on mined minerals in the production of conventional
inorganic fertilizers (Henckens et al., 2016). Phosphorus (P) and iron (Fe) serve as two examples
of nutrients that are both essential for plant growth and have a diminishing mineral reserve
(Marschner, 2011; Henckens et al., 2016; Cieślik and Konieczka, 2017). Additionally, both P and
Fe are found in solid RAS waste, but the effluent requires treatment before complete utilization by
plants is possible (Goddek, 2019; Chapter 2).
Aerobic digestion is a common method for domestic and agricultural wastewater treatment
that has potential for adoption into the RAS industry (Samer, 2015; Goddek et al., 2019). Aerobic
waste treatment utilizes heterotrophic bacteria and constant aeration to oxidize solid organic matter
into CO2 during respiration (Maier et al., 2009). Benefits of aerobic digestion over other waste
treatment methods include ease of operation and increased rate of organic matter reduction,
however the cost of constant aeration must be considered when determining a cost-benefit analysis
of aerobic treatment against other forms of wastewater treatment (Chen et al., 1997).
Waste streams treated aerobically are typically evaluated based on the removal of specific
contaminants and solids reduction (Tchobanoglous et al., 2014). Goddek et al. (2019), suggests
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that the success of a RAS effluent treatment method with the intention of reuse as a hydroponic
fertilizer should also be based on the ability to increase the overall plant availability of nutrients
in the effluent. While research has been conducted on the aerobic treatment of the particulates in
the solid RAS effluents, few have evaluated the process in terms of mineralization across a broad
spectrum of plant-essential macro- and micro-nutrients with effluent from a coupled hydroponic
and RAS (aquaponic) production system (Conroy and Couturier, 2010; Monsees et al., 2017;
Khiari et al., 2019). Plant-essential macro- and micro-nutrients are required for a plant to complete
its lifecycle and cannot be replaced by any other nutrient, with the relative concentration for the
macro-nutrients are significantly greater than concentration of micro-nutrients (Marschner, 2011).
The objectives of this research were to determine the nutrient concentrations of eleven
plant-essential macro- and micro-nutrients in the effluent of an aquaponic system, characterize the
degree of mineralization for those nutrients under aerobic conditions in triplicated lab-scaled batch
bioreactors, and identify future needs for continued research in the aerobic digestion of
aquaponic/RAS effluent. The aerobic microbial treatment of the effluent was expected to reduce
total organic carbon (TOC), increase the percent of the total nutrient mass dissolved into the treated
solution, and decrease the total suspended solids (TSS).
3.2. Materials and Methods
This project was conducted using effluent from the co-production of tilapia and hydroponic
lettuce in the University of New Hampshire (UNH) Kingman Farm Recirculating Aquaponic
Research Greenhouses (KFRAG) located in Madbury, New Hampshire, USA (Error! Reference
source not found.). A full description of the production facility may be found in Chapter 2. The
facilities were operated under actual production conditions, with feeding and waste production
rates commensurate with industry production facilities. The UNH KFRAG systems were in
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operation for at least 365 days prior to collecting samples for analysis and were operating under
pseudo-steady state conditions. For this study, pseudo-steady state conditions were defined as the
continual function of desired activities without disruption. Feeding rates, as a function of fish
biomass, remained constant and effluent production and water usage remained consistent for a
minimum of two weeks prior to sampling.
3.2.1. Aquaponic Facility Description
The KFRAG was a replicated coupled aquaponic research facility (Error! Reference
source not found.) comprised of three identically-constructed and operated freestanding
greenhouses. Each recirculating aquaponic system was housed in an 11.0 x 14.6 m high tunnel
greenhouse (Nor’Easter Series, Rimol Greenhouse Systems, Hookset, NH, USA), and were
covered using polycarbonate. The recirculating systems consisted of a single 3,000 L fish culture
tank, a rotary drum screen filter (PR Aqua model RFM2014) fitted with 54 micron screens, one
1,300 L mixed media bed bioreactor (MBBR) used for nitrification, a 200 L pumping reservoir, a
300 L standpipe well, and three 12.6 m2 deep water raft (DWR) hydroponic growing tables used
for hydroponic lettuce (Lactuca sativa) production (see Figure 1). The overall system volume was
15,000 L. The only nutrients supplemented into the system were potassium carbonate (K2CO3) for
biofilter management and chelated diethylemetriamine pentaacetic acid (DTPA) iron (III) salt that
was added as needed to ensure that sufficient iron (Fe) concentrations were met in the system for
optimum lettuce growth.
Tilapia (Oreochromis niloticus) were stocked at 36 kg per m3 and fed 3 mm floating feed
(Finfish Silver, 40% protein, 10% lipid, Zeigler Bros. Inc., Gardner, PA, USA). The fish were fed
1300 g/day and a constant fish biomass was maintained allowing for a consistent feed rate. The
total fish biomass in the culture tanks was measured bi-weekly and the number of fish in the culture
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tank was adjusted to ensure that 1300 g of feed each day would provide optimum fish growth rates
per DeLong et al (2009).

Figure 3-1. The flow schematic for each recirculating aquaponic greenhouse at the UNH Kingman
Farm Research Greenhouses located in Madbury, New Hampshire, USA. Composite samples were
collected directly from the drum screen filter effluent pipe for 72 hours under pseudo-steady-state
operating conditions.

3.2.2. Drum Screen Effluent Collection, Analysis, and Nutrient Characterization
The collection of 200 L of rotary drum screen effluent was conducted over a period of 72
hours. After collection, effluent samples were filtered to divide the samples into particulate and
aqueous fractions prior to analysis to develop a nutrient profile of the effluent. Effluent collection
and filtration were conducted as described in Chapter 2. Analysis of TSS was conducted at the
UNH Agricultural Engineering Laboratory (Method 2540D, APHA, 2012). A Fisher Scientific
Accumet AB250 (MA, USA) was used for pH measurements.

57

A hydroponic nutrient profile of the feed used and drum screen effluent was obtained using
a commercial hydroponic fertilizer laboratory service (JR Peters Laboratory, Allentown, PA,
USA). The particulate and the aqueous fractions of the effluent were analyzed for six macronutrients (nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), and magnesium (Mg)) and
five micro-nutrients (Fe, manganese (Mn), copper (Cu), zinc (Zn), sodium (Na), and aluminum
(Al)). The TOC and total nitrogen (TN) concentrations in the effluent were determined based on
analysis conducted by the United States Forest Service’s Northeastern Forest Science Application
Lab (Durham, NH, USA). Samples were prepared and analyzed as described in Chapter 2.
Total nutrient mass was calculated using particulate and aqueous analyses. Total reactor
nutrient concentration was determined based on reactor volume to normalize comparison between
reactors. The total concentration of each nutrient, in mg/L, was determined by adding the
particulate and aqueous nutrient masses as a function of reactor effluent volume as calculated in
Chapter 2. The percent of the total concentration of each nutrient in the aqueous and particulate
fractions was used to determine plant availability. All nutrients in the aqueous fraction were
defined as plant-available for the context of this study. Particulate-bound, aqueous, and total
nutrient concentrations were calculated using equations described in Chapter 2.
3.2.3. Batch Reactor Design
Aerobic treatment of the collected effluent was conducted using 20 L high density
polyethylene (HDPE) aerobic containers (Error! Reference source not found.). The effluent was
continuously mixed using constant aeration from an air pump (Sweetwater Linear II Model
SNL42, Pentair, Minneapolis, MN, USA) with a medium pore stone diffuser.

58

Figure 3-2. Aerobic reactor schematic. Effluent to be treated was continuously mixed using
constant aeration. Samples were taken by removing the reactor lid to access the effluent.
3.2.4. Experimental Design and Reactor Operation
One aerobic microbial treatment was evaluated in this study with an abiotic control to
provide a reference for microbial and physical effects of treatment. Both the treatment and control
were replicated in triplicate at the same time. The treatment and control used the same batch of
drum screen effluent. The aerobic treatment was not inoculated and used only endogenous
microbes present at the time of collection. The abiotic control was dosed with 0.05% sodium azide
(NaN3) to inhibit microbial growth and biological activity (Barbot et al., 2010). The purpose of the
abiotic control was to establish the effects of microbial treatment as compared to physical
dissolution of the products in the effluent.
Reactors were filled with 15 L of drum screen effluent and operated continuously, and
samples were collected as described in Chapter 2. A 50 mL sample was collected from each reactor
every 48 hours and analyzed for temperature, dissolved oxygen (DO) pH, and TSS. A handheld
DO meter (Model HQ 40D, Hach, Loveland, CO, USA) was used for DO measurements. All
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equipment was calibrated using manufacturer supplied solutions and at intervals prescribed in by
standard operating procedures developed by the respective manufacturers. Reactors were operated
at ambient temperatures and reactor pH was adjusted using sodium bicarbonate (NaHCO3) when
the pH measured below 7 to maintain an appropriate environment for anaerobic microbes (Cioabla
et al., 2012).
Reactor operation was terminated when the treated effluent was determined to have
reached stabilization. Reactor stabilization was defined as a change in TSS of less than 10% over
3 consecutive 48 hour sample periods in the aerobic reactors. After reactor stabilization, final
nutrient and TOC analyses and were conducted identically to the analysis of the initial drum screen
effluent to determine the change in plant availability after treatment. Change in plant availability
was determined using Equation 3 in Chapter 2. The plant available nutrient concentrations after
aerobic treatment were compared to a commercially-available hydroponic lettuce and leafy green
fertilizing solution.
3.2.5. Statistical Analysis
A One-way Analysis of Variance (ANOVA) in JMP Pro version 14.1 Statistical Software
(SAS Institute, Cary, NC) was used to determine if the temperature, DO, pH, and TSS was
statistically similar or different between aerobic reactors and the abiotic controls. A Tukey’s
honestly significant difference (HSD) test was used to evaluate if the replicate reactors were
statistically similar or different from each other within the aerobic treatment and the abiotic
control. A pooled t-test was used to test the significance of the differences in TOC, TN, and total
sulfur concentrations and in the percent of each nutrient’s total mass in the aqueous fraction of the
effluent after treatment. A p value < 0.05 was considered significantly different for all analyses.
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3.3. Results
A complete nutrient profile was first developed via analysis of the particulate and aqueous
fractions of the aquaponic drum screen effluent. The nutrient profile data were used to calculate
the particulate and aqueous mass fractions for twelve different nutrients (TOC, N, P, K, Ca, Mg,
Fe, Mn, B, Cu, Zn, Na, and Al). The effluent was then transferred to the experimental bioreactors
and treated aerobically as a batch reaction. Operational data including temperature, DO, pH, and
TSS were measured at 48-hour intervals. A final nutrient analysis was conducted after stabilization
to determine the change in nutrient plant availability.
3.3.1. Feed and Effluent Nutrient Analysis
The nutrient profile of the 40% protein, 10% lipid finfish feed is reported in Table 3-1.
Table 3-1. The nutrient profile of Zeigler Bros. Inc., Finfish Silver, 40% protein, 10% lipid feed.
Nutrient
Macro-nutrients
N*
P*
K*
Ca*
Mg*
S†
Micro-nutrients
Fe†
Mn†
B†
Cu†
Zn†
Mo†
Na†
Al†
*

Feed
6.44
0.97
0.96
1.17
0.14
1024
209
91.8
5.9
46.5
89.6
4.13
2051
0

Reported as percent of total mass
Reported as mg/L

†
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The initial effluent pH was 7.4, and a TSS concentration of 1217 mg/L. Lab closures caused
by the COVID-19 outbreak prevented a complete TOC analysis of the drum screen effluent before
and after aerobic treatment as the US Forest Service lab was subsequently closed, and remains
closed at the time of writing this manuscript. The dissolved organic concentration (DOC)
concentrations for the initial effluent and following treatment were analyzed. However, the organic
carbon (OC) content of the particulate fraction was not analyzed for the initial effluent are after
treatment as a result of the lab shutdowns. The initial DOC concentration of the drum screen
effluent was 20.8 mg/L. The TN concentration of the effluent was 174 mg/L, with 96.36% of the
concentration dissolved in the aqueous fraction of the effluent. The C:N ratio of the aqueous
fraction of the effluent was 0.13:1.
The total macro- and micro-nutrient concentrations in the reactors, and the associated
aqueous and particulate mass fractions in the initial effluent, are reported in Error! Reference
source not found.. Over 98% of the total K, Mg, Zn, and Na was dissolved in the aqueous fraction
of the effluent. The macro-nutrients with the lowest percentage of their respective total
concentration in the aqueous effluent fraction were N (96.36%), P (68.11%), and Ca (92.78%).
Micro-nutrients, Fe (94.57%), B (90.11%), Cu (94.60%), and Al (71.15%) had the least amount
of the total concentration in the aqueous fraction of the effluent.
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Table 3-2. Total nutrient concentrations in the drum screen effluent collected from UNH
KFRAG as a combination of the aqueous and particulate nutrient mass normalized to 1 L of
effluent. The aqueous and particulate mass fractions for each nutrient are expressed as a percent
of total mass. Nutrients found in the aqueous fraction were considered plant available.
Nutrient
TOC
Macro-nutrient
N
P
K†
Ca
Mg
Micro-nutrient
Fe†
Mn
B
Cu
Zn
Na
Al

Total Drum Screen
Effluent (mg/L)
N/A

Aqueous
(%)
N/A

Particulate
(%)
N/A

174
3.82
402
30.4
21.8

96.36
68.11
99.61
92.78
98.33

3.64
31.89
0.39
7.22
1.67

1.90
0.27
0.26
0.17
0.80
34.5
0.51

94.57
97.50
90.11
94.60
99.24
99.72
71.15

5.43
2.50
9.89
5.40
0.76
0.28
28.85

†

Supplemented Nutrient in KFRAG

*Data not available due to lab shutdowns caused by COVID-19

3.3.2. Reactor Sample Analysis
All aerobic reactors and abiotic controls were measured for temperature, DO, and pH at
48-hour intervals to ensure ideal operating parameters were maintained during the experiment. The
mean ± standard deviation (SD) of the temperature, DO, and pH in the aerobic reactors and abiotic
controls are shown in Table 2-3. The mean temperature in the aerobic reactors was significantly
lower than the temperature in the abiotic controls (p = 0.0018). The temperatures in the replicated
aerobic units ranged from 20.6 to 21.9 oC, but were significantly different from each other over
the course of the experiment (p = 0.0420). The temperatures in the replicated abiotic control units
ranged from 20.7 to 22.7 oC, and were also significantly different from each other throughout the
experiment (p = 0.0011). The mean DO concentration throughout the study period was not

63

significantly different between the aerobic reactors and the abiotic controls (p = 0.3818). The DO
concentration in the replicated aerobic units were not significantly different from each other
throughout the experiment (p = 0.0691), however the mean DO concentration in the replicated
abiotic control units were significantly different from each (p = 0.0035). The pH was not
significantly different between the aerobic reactors and the abiotic controls (p = 0.3639). The pH
in the replicated aerobic units and the replicate abiotic controls were not significantly different
from each other throughout the experiment (p = 0.0543 and p = 0.9598, respectively).
Table 3-3. The mean ± SD of the temperature, DO, and pH in the aerobic reactors and the
abiotic control reactors during the study
Parameter

Aerobic Reactors

Abiotic Controls

p – value Between Treatments

Temperature (oC)

21.1 ± 0.41

21.6 ± 0.34

0.0018

DO (mg/L)

8.83 ± 0.20

8.85 ± 0.09

0.3818

pH

7.3 ± 0.18

7.4 ± 0.37

0.3639

The initial TSS of the effluent was 1217 mg/L. The change in TSS concentration over the
entire study period is shown in Error! Reference source not found.. On day 15, the final mean
TSS ± SD concentration in the aerobic reactors was 475 ± 5.20 mg/L. The overall average change
in the TSS concentration of the replicate aerobic reactors were not significantly different from each
other throughout the experiment (p = 0.9647). The aerobic reactors reduced the mean ± SD TSS
concentration in the effluent by 60.96 ± 0.43% over the 15-day study period. The final mean ± SD
TSS concentration in the abiotic controls was 538 ± 34.21 mg/L. The overall average change in
the TSS concentration of the replicate abiotic controls was not significantly different from each
other throughout the experiment (p = 0.5578). The final mean ± SD TSS concentration in the
abiotic controls was 55.79 ± 2.81% lower than the initial effluent. The mean overall average
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change in TSS concentrations measured at 48-hr intervals throughout the experiment in the aerobic
reactors and the abiotic control reactors was not significantly different (p = 0.5527).

A
1400 mg/L
1200 mg/L

TSS

1000 mg/L

800 mg/L
600 mg/L
400 mg/L
200 mg/L
0 mg/L
0

2

4

6

8

10

12

14

16

Day
Aerobic

B
1400 mg/L
1200 mg/L

TSS

1000 mg/L

800 mg/L
600 mg/L
400 mg/L
200 mg/L
0 mg/L
0

2

4

6

8

10

12

14

16

Day
Abiotic Control

Figure 3-3. Mean TSS concentration within aerobic reactors (A) and abiotic controls (B)
throughout the 15-day study period. Error bars indicate standard deviation between treatment
replicates.

3.3.3. Total Organic Carbon Mass Analysis
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Due to lab closures caused by the COVID-19 outbreak, particulate-bound OC data from
KFRAG effluent was not available at the time of writing this manuscript. The mean ± SD of the
DOC concentrations in the aerobic reactors and abiotic controls were 23.19 ± 4.86 and 36.54 ±
0.85, respectively (Error! Reference source not found.). The DOC concentration after aerobic
treatment was not significantly different than the DOC concentration in the initial effluent (p =
0.4502). The DOC concentration in the abiotic controls was significantly greater than the DOC
concentration in the initial effluent (p < 0.0001).
40 mg/L
35 mg/L
30 mg/L
25 mg/L
20 mg/L
15 mg/L
10 mg/L
5 mg/L
0 mg/L
DOC

Initial Effluent

Abiotic Control

Aerobic Reators

Figure 3-4. The DOC concentration in the initial drum screen effluent from KFRAG and in the
abiotic controls and aerobic reactors after treatment. Error bars indicate standard deviation.
3.3.4. Final Nutrient Analysis
The change in the total concentration of the aqueous fraction in the treated effluent for N,
P, Ca, Fe, B, Cu, and Al are reported in Error! Reference source not found.. In the initial effluent,
N, P, and Ca were the three macro-nutrients with the lowest percent of their concentration in the
aqueous form. After aerobic digestion, the percent of the total N, P, and Ca in the aqueous fraction
of the waste was significantly increased (p < 0.0001, p < 0.0001, p = 0.0003, respectively). After
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aerobic treatment, the TN in the aqueous fraction of the effluent was comprised of 98.07% nitratenitrogen (NO3-N), 1.06% urea, and 0.87% ammonia-nitrogen (NH4-N). The micro-nutrients with
the lowest percent of their total concentrations in the aqueous form were Fe, B, Cu, and Al. After
aerobic digestion the percent of total B, Cu, and Al in the aqueous fraction of the waste was
significantly increased (p < 0.0001, p = 0.0003, p < 0.0001, respectively). There was not a
significant change in the percent of total Fe in the aqueous fraction of the effluent after aerobic
treatment (p = 0.1529).
Table 3-4. Factor increase of total nutrient concentrations in aqueous form (and available for plant
uptake) in tilapia effluent after aerobic digestion. Mean percent ± SD of total nutrients in aqueous
form shown before and after aerobic treatment.
Nutrient
TOC*
Macro-nutrients
N
P
K†
Ca
Mg
Micro-nutrient
Fe†
B
Cu
Al
†

Effluent
(% Aqueous)
N/A

Aerobic
(% Aqueous)
N/A

Change in %
Aqueous
N/A

96.36
68.11
99.61
92.78
98.33

98.60 ± 0.1
94.97 ± 1.1
99.84 ± 0.0
96.59 ± 0.6
99.4 ± 0.2

1.02x
1.39x
1.00x
1.04x
1.01x

94.62
90.11
94.60
71.15

93.64 ± 0.9
99.84 ± 0.1
98.57 ± 0.6
86.74 ± 0.9

0.99x
1.10x
1.04x
1.22x

Nutrient supplemented at KFRAG

* Data not available due to lab shutdowns caused by COVID-19

3.4. Discussion
This study evaluated the effects of aerobic digestion on aquaponic effluent to develop a
naturally derived nutrient solution for hydroponic plant production as compared to an abiotic
control. Improved plant availability of nutrients and reductions in TSS and TOC were achieved
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using aerobic microbial treatment. The following sections discuss the nutrient profile of the
untreated aquaponic effluent, the operation of the aerobic reactors and abiotic controls, and the
potential of the treated effluent for re-use as a hydroponic fertilizing solution as compared to
anaerobic treatment methods. Suggestions for future research are also discussed.
3.4.1. Feed and Drum Screen Effluent Nutrient Analysis
The nutrient profile of the feed used would likely have a significant impact on the nutrient
profile of the system effluent. The feed used in this study was chosen as it is commercially
available and commonly used in the RAS industry. Analysis of the aquaponic drum screen effluent
from KFRAG supported results found in previous experiments on the nutrient profile of
aquaponic/RAS effluent (Seawright et al., 1998; Guerdat et al., 2013; Delaide et al., 2018). Each
of the nutrients analyzed for were present in the effluent. Several nutrients had large percent of
their total their total mass in the particulate fraction of the effluent, thus not immediately available
for uptake by plants. Additional treatment is needed before the nutrient can become plant available
and an efficient hydroponic fertilizer. The nutrients that were the least plant available in the
effluent from KFRAG were N, P, Ca, Fe, B, Cu, and Al, which corresponded to result of
particulate-bound nutrients across multiple studies characterizing RAS and aquaponic effluent
(Guerdat et al., 2013; Monsees et al., 2017; Goddek et al., 2018; Delaide et al., 2018; Chapter 2).
The primary nutrient difference at KFRAG compared to other aquaponic/RAS facilities
found in the literature was found in K concentration and plant availability. Across multiple studies
in the literature, K was found to be predominantly particulate-bound in aquaponic/RAS effluent
(Monsees et al., 2017; Goddek et al., 2018). However, the total mass and the plant availability of
K was greater at KFRAG than other aquaponic/RAS facilities due mostly to daily additions of
soluble K2CO3 to the KFRAG systems for pH buffering and alkalinity adjustments for biofilter
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maintenance (Anderson, 2016; Goddek et al., 2018). Additionally, the mass and plant availability
of Fe is also unique to KFRAG due to routine additions of soluble DTPA Fe (III). While Fe was
still identified as a nutrient requiring mineralization at KFRAG, the percent of the total Fe in the
aqueous fraction of the effluent was still greater than other facilities (Goddek et al., 2018). System
design and nutrient additions can result in nutrient profiles unique to specific facilities, however,
multiple macro- and micro-nutrients including P, Ca, Fe, Cu, and Al have been shown to require
mineralization regardless of facility before becoming available for plant uptake (Monsees et al.,
2017; Delaide et al., 2018; Goddek et al., 2018; Chapter 2).
Similar to the effluent from other aquaponic/RAS facilities, the effluent from KFRAG
contained high concentrations of OC (Guerdat et al., 2011; Delaide et al., 2018). Excess OC in a
hydroponic system can result in biofilm proliferation (Lee et al., 2015). Biofilms are microbial
masses that can adhere to nearly any surface in a hydroponic system. These biofilms create food
safety concerns as they can be comprised of cells that are pathogenic to crops and humans (Elasri
and Miller, 1999; Lee et al., 2015). Biofilms can form throughout a hydroponic system and have
been shown to clog tubing and reduce irrigation water flow rate (Liu et al., 2017). Removing OC
from the effluent to prevent biofilm film is required to develop a successful hydroponic nutrient
solution.
3.4.2. Aerobic Operating Conditions
The pH and temperature of the aerobic reactors were maintained consistently throughout
the experiment to prevent microbial inhibition. Zhou et al. (2019) recommended a pH range
between 7.0 and 8.0 for aerobic digestion to result in optimum organic matter removal and
microbial activity in wastewater. In a study to determine nitrogen mineralization in RAS effluent
by aerobic treatment, Khiari et al. (2019) recommended that aerobic reactors be operated at a pH
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between 6.0 and 6.5 to limit nitrogen loss and nutrient precipitation. With a mean ± SD pH of
aerobic reactors was 7.3 ± 0.18, the aerobic reactors used in this study with within the ideal range
described by Zhou et al. (2019), but higher than the recommended values recommended for RAS
effluent treatment to retain nitrogen (Khiari et al., 2019). Continued research on the effects of
aerobic reactor pH between 6.0 and 8.0 may provide insight into optimization specific for the
treatment of aquaponic/RAS effluent for re-use as a hydroponic fertilizing solution.
Aerobic digestion can occur across a variety of temperatures (LaPara and Alleman, 1999;
Ugwuanyi et al., 2005; Habermacher et al., 2016). However, Ugwuanyi et al. (2005) found that
increased temperatures can result in a greater degree of biodegradation. The aerobic reactors used
in this study were kept at ambient temperature and had mean ± SD temperature of 21.1 ± 0.41. For
practical applications, the cost of heating should be considered as a means for improving
performance, especially in aerobic digestion where operating costs associated with constant
aeration can also be a limiting factor.
3.4.3. Abiotic Controls Confirm Microbial Mineralization in Aerobic Reactors
The abiotic controls experienced a similar degree of TSS reduction and nutrient
mineralization (results not shown) as the aerobic reactors. The mineralization observed in the
abiotic controls was attributed to the deflocculating properties of NaN3 (Barbot et al., 2010).
Although NaN3 resulted in mineralization degrees comparable to the aerobic, its toxicity and high
sodium concentrations prevent its use as a treatment method for any waste to be re-purposed as a
fertilizer (Barbot et al., 2010; Marschner, 2011). The purpose of the abiotic controls in this
experiment was to confirm through comparison that the all mineralization occurring in the aerobic
were a result of microbial digestion. The primary comparison made to confirm the absence of
microbes in the abiotic controls and the presence of microbes in the aerobic reactors would have
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been the final TOC concentration in each reactor. No net change in TOC concentration was
expected in the abiotic controls, while the TOC concentration in the aerobic reactors was expected
to be reduced as a result of the oxidization of solid matter organic matter into CO2 as a result of
microbial respiration (Maier et al., 2009; Samer, 2015; B. Delaide et al., 2018). The TOC mass
and overall reactor concentration in the initial drum screen effluent, aerobic reactors, and abiotic
controls could not be calculated due to lab closured caused by the COVID-19 outbreak. The TOC
concentration was to be calculated by totaling the DOC mass in the aqueous fraction of the effluent
and the particulate-bound OC in the effluent. The DOC concentration in the initial effluent, aerobic
reactors, and abiotic controls was analyzed prior to lab closures. The particulate-bound OC
analysis was not able to be conducted, preventing the calculation of the overall TOC reactor
concentrations.
Assumptions based on the DOC results were made to provide insight into how the TOC
concentration was affected by the aerobic reactors and abiotic controls. After treatment, the DOC
in the abiotic controls increased significantly from the initial effluent to 36.54 ± 0.85 mg/L. This
increase suggests that a portion of the un-quantified particulate-bound OC concentration was
dissolved into the aqueous fraction of the effluent by the NaN3 in the abiotic controls. There was
no significant difference in the DOC concentration in the initial effluent and after aerobic
treatment. Chapter 2 found that TOC is predominantly particulate-bound in the untreated effluent
at KFRAG, and that microbial digestion, albeit anaerobically, resulted in a TOC concentration that
was predominantly in the aqueous fraction of the effluent as DOC. Based on this previous data, it
can be assumed that the DOC concentration in the initial effluent made only a small fraction of the
TOC concentration, but the DOC concentration in the aerobic reactors comprised the majority of
the TOC concentration after treatment. If this assumption is correct, then the TOC concentration
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after aerobic treatment was likely lower than the TOC concentration of the initial effluent and
abiotic controls, making microbial respiration responsible for the organic matter reduction and
nutrient mineralization observed in the aerobic reactors.
3.4.4. Aerobic Reactor Total Suspended Solids Reduction
The stabilization of TSS concentrations was used as the metric for determining the
completion of particulate mineralization in the aerobic reactors. Delaide et al. (2018), achieved a
nearly identical TSS reduction of 60.81% in a similar study on the aerobic treatment of aquaponic
effluent in reactors with a 15-day hydraulic retention time. In Delaide et al (2018), reduction in
TSS was reported only in the initial aquaponic effluent and after treatment. The TSS concentration
of the aerobic reactors were measured at 48-hour intervals throughout this experiment, which
provided insight into the timeline of solids reduction in aquaponic/RAS effluent. The majority of
TSS reduction occurred at the beginning of the experiment. By day 5, 67.19 ± 2.01% of the TSS
reduction achieved throughout the 15-day experiment was completed. During the final 10 days of
reactor operations only 32.81 ± 2.01% of the overall reduction in TSS concentration occurred. As
the majority of the TSS concentration was removed from the effluent in early in the treatment
process, consideration should be taken in regards to the benefit of treatment beyond day 5
compared to the cost of treatment beyond day 5.
3.4.5. Treated Effluent Nutrient Profile
The aerobic reactors used in this experiment significantly increased the plant available
concentrations of N, P, Ca, B, Ca, and Al. The plant available nutrient concentrations after aerobic
digestion were compared to nutrient recommendations for hydroponic lettuce and leafy green
production to estimate the fertilizing potential of treated effluent (Error! Reference source not
found.). While aerobic digestion was an effective means of increasing the plant availability of
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particulate-bound nutrients in the effluent, only N, K, Cu, and Zn met or exceeded the
recommended concentrations for hydroponic lettuce and leafy green productions. The routine K
and Fe supplementation of KFRAG should also be noted when comparing the nutrient profile of
the treated effluent to a commercial fertilizer solution of the effluent from other aquaponic/RAS
facilities. Due to K supplementation, the total concentration and plant availability of K was greater
in the KFRAG effluent than the effluent analyzed in other studies (Monsees et al., 2017; Goddek
et al., 2018). Routine additions of chelated Fe were made to the KFRAG aquaponic system as the
mass of Fe in the feed used in this experiment was not sufficient to meet the needs of plants (Resh,
2012). The Fe concentration in the KFRAG effluent more closely resembled the concentration in
Anderson (2016) where chelated Fe was also supplemented, then the plant available concentrations
from other facilities (Monsees et al., 2017; Goddek et al., 2018). The limited mass of Fe in
commercially available feeds and the limited mineralization of particulate-bound Fe by aerobic
digestion shown in this study demonstrate the need for Fe supplementation in the aquaponic
industry to fully meet the nutritional needs of the crops. Although the mass and initial plant
availability of Fe is not comparable between KFRAG and other aquaponic facilities, this study still
demonstrated that aerobic digestion did not significantly increase the plant availability of Fe in
aquaponic effluent.
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Table 3-5. Plant available concentrations of nutrients after aerobic digestion compared against
the concentrations found in a commercial hydroponic lettuce and leafy green fertilizing solution
(fertilizer information retrieved from jrpeters.com).
Nutrient
Macro-nutrients
N
P
K†
Ca
Mg
Micro-nutrients
Fe†
Mn
Cu
Zn
Na
Al
†

Aerobic
(mg/L)

Jack’s Hydroponic
(mg/L)

171
3.6
402
29.3
21.7

150
39
162
139
47

1.8
0.26
0.167
0.79
34.5
0.44

2.3
0.38
0.113
0.11
0
N/A

Supplemented nutrient in KFRAG

Aerobic digestion was able to increase the overall plant availability for many of the
nutrients in the effluent. However, the majority of the nutrient concentrations were still below what
was present in the commercial solution. The plant availability of the nutrients was maximized after
aerobic treatment, making the total concentration of each nutrient in the effluent the new limiting
factor in developing a hydroponic nutrient solution. Supplementation with traditionally derived
fertilizer salts is needed achieve the similar nutrient concentrations for hydroponic lettuce and leafy
green production. Nutrient supplementation may affect USDA organic certification of hydroponic
operations. The reuse of treated effluent would, however, begin to reduce to reliance on finite
mineral reserves and provide aquaponic/RAS produces an alternative waste treatment option.
3.4.6. Organic Carbon Removal
As noted above, lab closures caused by the COVID-19 outbreak prevented a complete
analysis of the TOC removal achieved by the aerobic reactors used in this study. The removal of
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OC is required before any waste can be effectively utilized as a hydroponic fertilizing solution.
Excess OC can result in biofilm accumulation caused by the colonization of pathogenic
heterotrophic bacteria (Yaron and Römling, 2014). It has also been found that OC accumulation
can have a phytotoxic effect on plants by negatively affecting physiological functions (Garland et
al., 1997; J. G. Lee et al., 2006). Without a complete TOC analysis of the KFRAG effluent prior
to and after aerobic treatment, the TOC removal achieved in this experiment cannot be determined.
However, literature has shown that aerobic digestion can remove between 70% and 99% of the
organic matter in agricultural and municipal waste, and that the degree of removal in aerobic
digestion is greater than the degree of OC removal in other forms of microbial digestion
(Borzacconi et al., 1999; Del Pozo & Diez, 2003; B. Delaide et al., 2018).
3.4.7. Combined Treatment Approach

Although previously published experiments have shown that waste treated using aerobic
microbial digestion resulted in greater reductions in OC than anaerobic digestion, a combined
treatment approach has consistently removed over 90% of organic matter while incorporating the
benefits of both treatment methods (Borzacconi et al., 1999; Del Pozo and Diez, 2003; Delaide et
al., 2018). Anaerobic digestion typically results in less sludge production after treatment and,
without the need for constant aeration, often has a lower operating cost than aerobic treatment (Del
Pozo and Diez, 2003; Tchobanoglous et al., 2014). In a study to characterize the mineralization of
particulate-bound nutrients in aquaponic effluent using anaerobic batch reactors, Chapter 2
reported a mean ± SD reduction in TSS concentration of 76.17 ± 6.97% over 15 days. This was
significantly greater than the mean ± SD reduction in TSS concentration of 60.96 ± 0.43%
observed over the same time period in the aerobic reactors used in this experiment (p = 0.0198).
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Chapter 2 also observed a mean ± SD TOC reduction of only 47.42 ± 12.76%, which is
lower than experiments utilizing either solely aerobic treatment methods or a combination of
anaerobic and aerobic digestion (Borzacconi et al., 1999; Del Pozo and Diez, 2003; Delaide et al.,
2018). Delaide et al. (2018) reported a 68.48% TOC reduction in aquaponic effluent after aerobic
treatment. A similar study reported a comparable organic matter removal rate of 74% after the
aerobic treatment of cattle wastewater (Othman et al., 2013). Additionally, Mashal et al. (2017)
found that the organic matter concentration in landfill leachate was reduced by 78% after aerobic
treatment. A two-stage anaerobic to aerobic treatment approach was utilized in Borzacconi et al.
(1999) and Del Pozo and Diez (2003). More than 90% of the organic matter was removed in both
studies, suggesting that a combined approach may also be more effective at TOC removal in
aquaponic effluent. More than 90% of the nitrogen mass was removed in the combined treatment
approach reported in Del Pozo and Diez (2003). A combined anaerobic to aerobic treatment
approach would result in a reduced nitrogen mass comparable to the reduction reported in the sole
anaerobic treatment reported in Chapter 2.
The reduction in TN resulted in a balanced solution with nutrient ratios closely aligned to
the nutrient ratios of commercial hydroponic solutions (Chapter 2). Although many of the nutrient
concentrations in the anaerobically treated effluent were below the nutrient concentrations of the
commercial solution, the similar nutrient ratios would for a concentrated anaerobically-derived
solution to be comparable to commercial fertilizing solutions. The remaining plant available TN
is comprised primarily of ammonia-nitrogen (NH4-N) after anaerobic treatment (Chapter 2). Most
hydroponically grown plants prefer nitrate-nitrogen (NO3-N), which comprised 98.07% of the
plant available TN after aerobic treatment, over NH4-N (Ikeda and Osawa, 1981). Utilizing a
combined anaerobic to aerobic approach to the mineralization of aquaponic effluent may achieve
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more complete TSS reduction and OC removal, as demonstrated in municipal treatment systems
(Del Pozo and Diez, 2003). Additional benefits of a combined treatment approach may include
matching the nutrient ratios of the treated effluent to the nutrient ratios of commercial solutions
and maintaining the ideal form of nitrogen for hydroponic plant uptake. Additional research on a
multi-stage treatment system utilizing anaerobic digestion to reduce solids and aerobic digestion
to reduce OC and convert NH4-N into NO3-N is required to identify the optimal method to develop
a naturally-derived hydroponic nutrient solution from aquaponic/RAS effluent.
3.5. Conclusions
This study demonstrated a decrease in TSS and an increase in the plant availability of
several plant-essential macro- and micro-nutrients present in aquaponic/RAS effluent. Although
nutrient availability was increased in the aquaponic effluent after aerobic treatment, the
concentration of the majority of nutrients in the treated effluent was still below the recommended
concentrations for hydroponic lettuce and leafy green production. The aerobically-treated effluent
would require supplementation to match the concentrations of typically administered to
hydroponic crops using commercially available fertilizer solutions. A hydroponic fertilizer
solution developed from a mixture of naturally- and traditionally-derived nutrients would provide
aquaponic/RAS produces an alternative to current effluent treatment methods and help offset the
reliance on finite mineral reserves that is projected to negatively affect agricultural producers in
the coming decades (Henckens et al., 2016; Hunter et al., 2017), and improve plant growth rates
as compared to plants fertilized only with aquaponic nutrient solutions. However, a fertilizer
solution that is not solely derived from capture and re-used effluent would not provide hydroponic
producers an opportunity to earn the USDA Organic certification.
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Future research is required for additional TOC removal in aquaponic/RAS effluent through
aerobic digestion. Analysis lab closures caused by the COVID-19 outbreak prevented a complete
analysis of the treated effluent developed for this experiment. Additional research evaluating the
effects of a combined anaerobic and aerobic treatment approach would have on TSS reduction,
TOC removal, plant availability of nutrients, and relative nutrient ratios in aquaponic/RAS effluent
is needed to refine the development of a naturally-derived nutrient solution.
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CHAPTER 4
CONCLUSION
The overall goal of this research was to evaluate the effectiveness of two microbial
digestion waste treatment methods for developing a naturally-derived hydroponic nutrient solution
from aquaponic/RAS effluent. Two lab-scaled experiments were conducted to determine the effect
of microbially-mediated anaerobic and aerobic digestion on effluent from a farm-scaled coupled
RAS and hydroponic facility. The first experiment characterized the mass of nutrients mineralized
through anaerobic digestion and the second experiment characterized mass of nutrients
mineralized through aerobic digestion. Reductions in total suspended solids (TSS) and total
organic carbon (TOC) concentrations and an increase in the nutrient mass dissolved in the aqueous
fraction of the effluent and available for utilization by hydroponic plants were used to evaluate the
effectiveness of the two treatment methods. Both treatment methods were shown to be effective at
significantly reducing TSS and increasing the plant available concentration of several macro- and
micro-nutrients in RAS effluent. The TOC concentration was significantly decreased after
anaerobic treatment. However, the effect of aerobic treatment on TOC concentration could not be
determined due to lab closures resulting from COVID-19.
Previous studies on the microbial anaerobic (Monsees et al., 2017; Delaide et al., 2018;
Goddek et al., 2018) and aerobic (Monsees et al., 2017; Delaide et al., 2018; Khiari et al., 2019)
digestion of aquaponic/RAS effluent demonstrated similar findings in regards to the solids
reduction, organic matter removal, and nutrient mineralization. An advancement to reactor
operation achieved through this research was confirmation of oxidative reduction potential (ORP)
stabilization as a metric for determining the completion of TSS mineralization in a specific
anaerobic batch reactor. Additional insight into reactor TSS reduction was also achieved through
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this research. The TSS reduction and time of treatment for both experiments in this study were
similar to Delaide et al. (2018). However, Delaide et al. (2018) only reported the overall percent
reduction in TSS for anaerobic and aerobic treatment. With routine TSS analysis conducted
throughout the operation of each reactor in both experiments, this research identified that rapid
TSS reduction occurred in the early stages of the treatment process. Continued research on the cost
of treatment against the benefits of maximum TSS mineralization would help to determine when
treatment cost outweighs the benefits of developing a naturally-derived nutrient solution.
While several studies compared the nutrient profile of the treated effluent against
commercially available nutrient solutions, none examined the nutrient profile on the basis of
nutrient ratios (Monsees et al., 2017; Goddek et al., 2018). The anaerobic and aerobic treatments
were effective at increasing the plant availability of nutrients found in aquaponic/RAS effluent.
After treatment the total concentration of nutrients in the effluent became the limiting factor for
meeting plant nutrient needs. The majority of nutrients in both treated solutions were still below
concentrations present in a commercial hydroponic nutrient solution for lettuce and leafy green
production. However, due to denitrification, the majority of the nutrient ratios in the effluent after
anaerobic treatment were comparable to the nutrient ratios of the commercial solution. This would
make a concentrated anaerobically-treated solution have a similar nutrient profile as commercial
solution. With nitrogen being maintained, the nutrient ratios of the effluent following aerobic
treatment did not resemble the nutrient ratios of the commercial solution. Nutrient supplementation
would be needed in the aerobically-treated effluent to match the nutrient concentrations or ratios
in the commercial solution.
Continued research is required to increase organic carbon removal in RAS effluent
treatment. Although the nutrient profile suggests that the treated effluent could be used in either
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hydroponic or aquaponic production, the presence of OC may still prevent effective re-utilization.
Pathogen proliferation, biofilm blocked irrigation tubing, and stunted growth can all result from
excessive OC in an aquaponic or hydroponic system (Lee et al., 2006; Yaron and Römling, 2014;
Lee et al., 2015). Both treatment methods used in this research resulted in significant, but not
complete, OC reductions. Several studies have shown that a combined approach incorporating
anaerobic treatment with and aerobic finishing stage can result in greater organic matter reduction
than either treatment method operated on an individual basis (Borzacconi et al., 1999; Del Pozo
and Diez, 2003). Continued research on a combined approach to increase OC removal is required
to maximize the efficiency of the effluent as a nutrient solution.
The development of a naturally-derived hydroponic nutrient solution from RAS effluent
would have a multi-faceted impact on the controlled environmental agriculture (CEA) industry.
The CEA industry optimizes environmental growth parameters to provide year-round, locationindependent vegetables, fruits, and seafood at maximum growth rates and yields. Increased
utilization of CEA technologies will be required to meet the food demands of the growing global
population and counter the reduction in farmable lands as a result or urbanization (Hunter et al.,
2017). The CEA industry is currently limited by the cost of RAS solid waste disposal, the operating
cost of technologies required maintain controlled environmental parameters, and a reliance on
finite mineral reserves for crop fertilizing solutions (Treftz and Omaye, 2015; Hunter et al., 2017;
Tsani and Koundouri, 2018). The capture, treatment, and reuse of RAS effluent as a hydroponic
nutrient solution would enable a new integrated CEA model similar to that of terrestrial agriculture.
Reliance on finite mineral reserves would be diminished, hydroponic producers would progress
towards United States Department of Agriculture (USDA) organic certification for an added value
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crop to reduce operating costs, and the monetization of the effluent from RAS would allow
producers to offset waste treatment costs.
The continued optimization of CEA food production processes to meet future demands is
resulting in an increase in commercial aquaponic facilities (Goddek et al., 2019). Aquaponics is
the co-production of crops and seafood through a combination of hydroponic and RAS
technologies (Goddek et al., 2019). Recently published research on crop nutrient requirements in
aquaponic systems indicate that the nutrient profile of the treated RAS effluent from Chapter 2 and
3 may be more appropriate for re-use in an aquaponic system than a traditional hydroponic system
(Delaide et al., 2016). Delaide et al. (2016) found similar growth in lettuce grown under
recommended hydroponic nutrient conditions and lettuce grown in aquaponic culture water with
significantly lower nutrient concentrations. The same study also reported significantly greater
lettuce growth in aquaponic culture water supplemented with nutrients to match a commercial
solution than lettuce grown with the commercial hydroponic solution. Additional research is
needed to identify why aquaponic lettuce growth at low nutrient concentrations is similar to
hydroponic lettuce growth at greater nutrient concentrations. However, the results of Delaide et al.
(2016) suggest that an aquaponic system supplemented with either anaerobically or aerobically
treated effluent would result in greater lettuce growth rates than a hydroponic system operated with
the same nutrient concentrations.
The data collected in this study can be used to begin designing treatment systems at a larger
scale to meet the needs of a commercial facility. The specifications of the RAS or aquaponic
system supplying the effluent is an important consideration for future research. Nutrient masses
and ratios in the effluent are dependent on multiple factors including feed, fish species, and crop
presence and variety. (Seawright et al., 1998; Guerdat et al., 2013; Monsees et al., 2017). Effluent
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nutrient characterizations from commercial RAS and aquaponic facilities with outputs other than
tilapia and lettuce are required to further evaluate the nutrient variations between RAS and
aquaponic facilities and between aquaponic facilities with different crops. Continued research is
also needed to improve the environmental operating parameters of the treatment process and to
address the potential benefits of a combined anaerobic to aerobic treatment approach. The
optimization of the effluent treatment process has the potential to improve the RAS, hydroponic,
and aquaponic industries, meet future food production needs, reduce reliance on finite mineral
reserves for fertilizer production.
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